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For numerical modeling and predictive analysis of warm hydroforming, better 
understanding of material properties (i.e. Flow curves) is required at elevated temperatures 
and high strains. Hydraulic bulge testing is a suitable method to obtain this information. 
However, analysis of the test data is not standardized as there are numerous approaches 
developed and adopted throughout the years.  
 
 xiv 
xv 
In this study, first, different approaches for hydraulic bulge analysis were compared 
with stepwise experiments to determine the best combination of approaches in obtaining 
accurate flow curves at different temperatures and strain rates. Then, three different grades 
of stainless steels (AISI 201, 301 and 304) were tested at various hydroforming conditions 
to determine the effect of pressure, temperature and strain rate on formability (i.e. cavity 
filling and thinning). 
 
These experimental findings were then used to be compared with predicted values 
from FEA. Results showed that material model works accurately in predicting the 
formability of materials in warm hydroforming. 
 
This document was created in Microsoft Word 2003. 
 
 
 
 
 
CHAPTER 1  Introduction 
 
Stainless steels were invented about a century ago.  Since then their use has been 
increasing and reached 30 million metric tones per year. High corrosion resistance, high 
strength to weight ratio and aesthetic appearance make them suitable for HVAC, sanitary, 
structure and transportation applications [Steiner, 1990; Claes, 2008].   
 
 Especially in automotive, aerospace and appliance industry (which all are possible 
areas of use of stainless steels), numerous parts are produced with metal forming process 
(Detailed in section 1.1.1).  Designing the proper die geometries and calculating the 
required forces are two essential problems for manufacturing engineers to overcome. For 
this purpose, finite element method (Detailed in section 1.2.1) has been used instead of 
expensive and time consuming trial and error experimentation for the last two decades. 
Finite element analysis requires accurate information about the material behavior and 
mechanical properties. Elastic modulus (E), Poisson’s ratio ( )ν , strength coefficient (K), 
strain hardening exponent (n) and strain rate sensitivity (m) are needed for forming 
simulations. 
 
The required material constants are determined experimentally through various 
mechanical testing methods. The most commonly known method is the tensile test. 
 1 
2 
However there are some drawbacks of the tensile test in determining the sheet metal 
formability due to necking effect (detailed in section 2.5). It is suggested that hydraulic 
bulge test may give better information for sheet metal formability for thin sheets due to 
biaxial straining. However, there is no standard for the testing, and more importantly, 
analysis of the test results.  
 
 Main objective of the study is to develop accurate numerical models to predict the 
final part geometry and optimal process conditions in a warm hydroforming of stainless 
steel grades. This requires accurate determination (experimentally) and modeling of flow 
stress-strain relation of these alloys. Hydraulic bulge testing will be used for flow curve 
determination.  This test method was investigated in detail to determine the accurate 
analysis approaches to calculate thinning, bulge radii, and hence, the flow stress curve. 
Different approaches were compared based on experimental measurements to find out the 
most accurate method of flow curve determination. This information was then used to 
determine the flow curves of three grades of stainless steel at elevated temperature 
conditions. Finally, this information was used to simulate the experimental warm 
hydroforming conditions and results were compared with experimental results. 
  
In this study, stainless steel formability under warm hydroforming conditions was 
discussed in detail. This chapter continues with background information about 
manufacturing, metal forming and analysis methods of metal forming. Chapter 2 presents 
the state-of-the-art review for stainless steels, hydroforming and material characterization. 
3 
Chapter 3 summarizes the investigations and experimentation to determine the best 
analysis method for hydraulic bulge testing. It is followed by warm hydroforming 
experiments in Chapter 4. Chapter 5 contains the finite element analysis and comparison 
with experiments. Finally, in Chapter 6, conclusions are derived and recommended future 
work is presented. 
1.1. Manufacturing Processes 
 
According to DIN 8580 (German standard), manufacturing processes are classified 
to six groups [Lange, 1985; Tekkaya, 2001]: 
 
1-  Primary forming: creation of cohesion between particles of the solid body (e.g. 
casting, powder metallurgy). 
2-  Forming: retaining the cohesion, but rearranging particles within the solid body; 
therefore deforming the shape (e.g. bulk and sheet forming). 
3-  Separating: destruction of cohesion, removal of particles (e.g. machining, EDM, 
Laser cutting). 
4-  Joining: introducing more cohesion, addition of particles (e.g. welding, 
assembling). 
5-  Coating: introducing more cohesion, addition of particles (e.g. galvanizing, 
plating). 
6-  Changing material properties: (e.g. annealing, tempering) 
  
4 
1.1.1. Forming Processes 
 
 
 DIN 8582 explains metal forming as: “manufacturing by permanent change of the 
form of a solid body by preserving both the mass and the cohesion”. In hydroforming, both 
tensile and compressive stresses are observed. This is classified in DIN 8584. During 
hydroforming, metallic blanks of sheet or tubular forms are deformed under hydraulic 
pressure into a die cavity. It offers increased levels of straining (i.e. deformability) without 
failure (fracture or necking). Details of hydroforming are explained in second chapter 
[Lange, 1985; Tekkaya, 2001]. 
 
Figure 1: Schematic of metal forming process 
 
Blank Metal Forming Formed Part  
 
1.2. Metal Forming Analyses 
 
Analysis of metal forming requires solution to 15 unknowns, and 15 partial 
differential equations (i.e. 3 equilibrium equations, 6 strain-displacement equations, 6 
constitutive equations). Especially when complex parts are to be produced, analytical 
5 
solution can not be applied. Therefore various approximate models have been developed 
throughout the years [Kobayashi, 1989; Tekkaya, 2001; Dieter, 2003] as follows: 
 
1- Slab method: work piece is decomposed in several slabs. Each slab is solved 
using simplified assumptions.  
2- Visioplasticity method: this method requires experimental work for analysis. 
Work piece to be deformed is etched to have initial grids. After the experimental 
deformation is done, grids are measured to calculate strain and stress values. 
3- Slip-line method: application is limited to plane-strain problems for rigid-
perfectly plastic material.  
4- Upper bound method: is based on energy principle and states that the total 
energy is associated with the velocity field. Guessing the velocity field 
accurately requires experience with the technique. 
5- Numerical methods: Finite difference method, finite element method, boundary 
element method and finite volume method. Finite element method is explained 
in detail in the next subsection. 
 
1.2.1. Finite Element Method (FEM) 
 
 Finite element method is a technique dating back to 1960’s. The basic idea is 
discretization. A number of finite points are defined (called as nodes or nodal points) in the 
domain (work piece).  Finite element analysis consists of five steps: (1) problem 
6 
identification, (2) defining the element, (3) deriving the equations for one element, (4) 
combining all element equations to a global equation and (5) numerical solution to the 
global equation. Finite element method is capable to obtain detailed solutions in metal 
forming, i.e. velocities, solutions, strains, stresses, temperatures, etc. [Kobayashi, 1989]. 
 
 For linear problems, finite element solution for displacement/force relations, 
following matrix equation should be solved [Kobayashi, 1989; Tekkaya, 2003]: 
[ ]{ } { }fuK =  (1) .
 
 Where [K] is called stiffness matrix and constant, {u} is displacement vector and 
{f} is force vector. Depending on the boundary conditions, either {u}, {f} or some of the 
elements in either of the vectors can be known. Stiffness matrix is derived for each element 
(portion of work piece) by using certain formulations. These are then combined to form the 
global stiffness matrix which is to be solved for complete solution.  
 
 For each element in the force vector {f}, displacement can be calculated as follows: 
nnnnnn ukukukF ...2211 ++=  (2) .
 For a linear problem, kij is a function of elastic modulus (E), area (A), length (L), 
angle of applied force ( )θ  and shape function (N) which is used to find the weight 
coefficients. Once these are determined for each element, they should be combined in 
global matrix for solution. Depending on the degree of freedom, moment of inertia (I) and 
other factors may affect stiffness matrix [K]. 
7 
 In metal forming processes, permanent (plastic) deformation is required. Materials 
mostly behave linearly up to yield point where Hooke’s Law ( )εσ E=  is valid. However, 
after yield point, stress may not be linearly proportional to strain. For solution of material 
non-linearity, kij is calculated using εσ ∂∂ /  instead of elastic modulus (E). This solution 
method requires iterative solution, since k is a function of u, and u is unknown [Tekkaya, 
2003]. To find out the function of k to u, flow curves are essential. In metal forming 
simulations, the equation (1) turns in to: 
[ ]{ } { }fuuK =)(  (3) .
 
This numerical discretization is named as implicit (quasi-static) approach, which is 
recommended for bulk metal forming. For sheet metal forming, explicit (dynamic) models 
are more appropriate. Instead of modeling the force as multiplication of stiffness and 
deformation, in this approach, force is modeled as acceleration times mass [Tekkaya, 
2000]: 
 
( ) ( ){ } ( ){ }tItFtuM −=][  (4) .
 
 In industrial use of finite element method, commercially available FEA codes are 
commonly used.  Depending on the application, there are many FEA software. Table 1 
shows some of the software with their solver type. Note that, some of the applications may 
have special versions (like Abaqus Explicit) that may have different solvers. FEA software 
are updated frequently and newer versions may have more options added. 
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Table 1: Commercially available FEA software [Tekkaya, 2000 and Hoffmann, 2006] 
 
 
Type Software 
ANSYS Linear FEA Nastran 
Abaqus 
ANSYS Non-Linear Implicit FEA 
Marc 
Abaqus-Explicit 
LS-DYNA 
Marc 
Optris 
Non-Linear Explicit FEA 
Pam-Stamp 
 
 
 In many commercially available software, the analysis is done using a graphical 
user interface (GUI). The procedure is as follows [Zienkiewicz, 2005]: 
1) Pre-processing (data input) 
2) Solution 
3) Post-processing (results) 
 
Creating the geometry is the first step of pre-processing. Once the geometry is 
created, it is divided into elements (creating mesh). Depending on the application and 
geometry there are many different types of elements. Many software has pre-loaded 
element libraries. Element selection should be done according to: 
• Response variables: mechanical, thermal, coupled, etc. 
• Geometry: axisymmetric, 2D (plane strain, plane stress), 3D, etc. 
• Accuracy needed: higher order elements (6 noded triangle of Figure 2) 
 
9 
Figure 2: Common 2D and 3D element types 
 
 
 After the initial geometry is modeled using elements, boundary conditions should 
be applied. Boundary conditions may be: displacement, velocity, acceleration, pressure, 
force, etc. In order to solve the deformation, all required material properties (elastic 
modulus, poisson’s ratio, strength coefficient, etc.) should be entered.  
 
 Once the model is completed, solution is done by the FEA software. In post-
processing section, it is possible to see different responses graphically such as, strain, 
stress, displacement, etc. These results can be further analyzed to plot graphs with respect 
to time, distance, etc.  
 
10 
Figure 3: Steps of finite element analysis 
 
 
Create geometry and mesh
E, k, n, υ, etc.
Results
Pressure
Fixed 
Displacement
Symmetry
Axis
Boundary conditions
Solution
Pre-Processing
Post-Processing
Analysis
 
 
1.3.  Outline of the Study 
 
The outline of this study is as follows: 
Chapter 1 gives information about, manufacturing, metal forming and analysis 
methods. 2nd Chapter gives the state-of-the-art review for stainless steels, hydroforming 
and material characterization. Chapter 3 summarizes the work done to find the best 
analysis method for hydraulic bulge testing. It is followed by warm hydroforming 
experiments in Chapter 4. Chapter 5 contains the finite element analysis and comparison 
11 
with experiments. Lastly in Chapter 6, conclusions are derived and future works are 
advised.  
 CHAPTER 2  State of the Art Review 
 
 “Stainless steel” is the name given to corrosion resistant steels (also called inox, 
rustfree or rostfrei). They form a self-healing protective layer by the chromium content, 
which gives very high corrosion resistance, shiny surface finish and aesthetic appearance. 
When compared to carbon steels, stainless steels have higher strength, ductility, work 
hardening rate, cryogenic toughness, corrosion resistance and more attractive appearance, 
lower maintenance [Placidi, 2005].  
 
 Stainless steels also play important role in lightweight manufacturing. Although 
term lightweight is commonly used non-ferrous alloys such as magnesium, aluminum and 
titanium; the specific stiffness (Elastic modulus / density) of stainless steels are almost 
equal to these materials [Snelgrove, 2001]. In many applications, there are many 
considerations other than specific stiffness. Some of these are formability, weldability, 
work hardening capability and cost. When considered all, stainless steels offer feasible 
weight reduction [Placidi, 2005].  Formability and tensile strength of current stainless 
steels can be compared to other metal alloys and EU target of 2030 in Figure 4. Some other 
benefits of stainless steels can be summarized as, recyclability, crashworthiness (in vehicle 
applications) and fire resistance [Snelgrove, 2001]. 
 
 
 12 
13 
Figure 4: Comparison of current stainless steels to other steels and EU’s 2030 target, new 
generation steels [Karjalainen, 2008] 
 
 
2.1. Brief History of Stainless Steels 
 
The industrial use of stainless steel was first realized in 1912-1913 by Brearley in 
the United Kingdom and Maurer & Strauss in Germany. Since its invention, global use of 
stainless steels increased dramatically and reached to an annual production of almost 30 
million metric tones [Claes, 2008]. Stainless steels are widely used in household items, 
food industry, chemical industry, fasteners, HVAC, sanitary and medical devices due to 
their high strength to weight ratio, corrosion resistance, aesthetic appearance, ductility, 
toughness, weldability and high levels of availability all over the world (Table 2) [Peckner, 
1977; Altan, 1998].  
 
14 
 At the beginning of 20th century, metallurgists were working on chromium-
containing ferrous alloys. In 1908 German Monnartz studied on chromium containing (Fe-
Cr) steels. By 1909 French scientists Guillet and Portvein published studies of 13% Cr 
martensitic and 17% Cr ferritic steels. It was found that, 12% chromium addition increases 
the oxidation resistance. Therefore, ferrous alloys containing more than 12% Cr are 
classified as stainless steels [Peckner, 1977; Davis, 1994; Gardner, 2005].  
 
Table 2: Applications of stainless steels [Davis, 2000]. 
 
Application Percentage (%) 
Industrial Equipment 66 
   Chemical and power engineering 34 
   Food and beverage industry 18 
   Transportation 9 
   Architecture 5 
Consumer goods 34 
   Domestic appliances, household utensils 28 
   Small electrical and electronic appliances 6 
 
2.2. Grades and Designations of Stainless Steels 
 
 Stainless steels are classified into five groups, according to their microstructure:  
(1) austenitic, (2) ferritic, (3) martensitic, (4) duplex (ferritic-austenitic), and (5) 
precipitation-hardenable (PH) [Totten, 2007]. According to American Iron and Steel 
Institute Statistics, austenitic stainless steels are the largest group of all, making 65-70% of 
annual production. Alloys are often named by numbers and or chemical compositions. 
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Since stainless steels are produced worldwide, there are several designations [Peckner, 
1977]. Common standards for stainless steel designations are (Table 3): 
- AISI: American Iron and Steel Institute (U.S.A.) 
- SAE: Society of Automotive Engineers (U.S.A.) 
- UNS: Unified Numbering System (North America) 
- EN: European Norm (E.U.) – Formerly DIN (Deutsches Institut für Normung): 
German Norm 
- Material # (E.U.) – Formerly Werkstoff # (Germany) 
- SUS (Japan) 
Cross references of the stainless steels investigated are tabulated in Table 3. 
 
Table 3: Cross references of AISI, SAE, UNS, EN (DIN), material numbers and SUS of 
austenitic stainless steels investigated [Peckner, 1977]. 
 
AISI 201 301 304 
SAE 30201 30301 30304 
UNS S20100 S30100 S30400 
EN (DIN) N/A X12CrNi177 X5CrNi189 
Material # 1.4372 1.4310 1.4301 
SUS 201 301 304 
 
 Throughout this study, stainless steels will be referred by AISI (American Iron and 
Steel Institute) standards. In AISI standard, most of the alloys have three-digit designation. 
The 200 and 300 series are generally austenitic and have face centered cubic crystal 
structure, whereas 400 series have body centered cubic structure and are either ferritic or 
martensitic (see Table 4). Some grades have either one or two letter suffix indicating some 
modifications in the composition (i.e., 316L is low carbon 316) [Davis, 2000].   
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Table 4: Properties of common stainless steel microstructures 
Property Ferritic Martensitic Austenitic 
Series 400 400 200 & 300 
Crystal BCC BCC FCC 
Heat treatable No Yes No 
Magnetic Yes Yes No 
Corrosion Resistance Medium Lowest Highest 
 
 
Table 5: Main compositions of the common grades [Peckner, 1977; Davis, 2000] 
 
wt % Cr  Ni  C Mn  N  Others 
200 16 - 19 1 - 6 0 – 0.15 5.5 – 15.5 0 – 0.4  
300 16 - 26 6 – 22 0 – 0.25   Mo, Cu, Si, Al, Ti, Nb, Ta 
400 14.5 - 27 0 – 2.5 0 – 1.2 1.0 – 1.5 0 – 0.25 S, Mo, Se 
  
In this study; AISI 201, 301 and 304 stainless steels were investigated (Table 5-5). 
These are all austenitic stainless steels, commonly used in industry. AISI 304 (including its 
modified versions: 304L and 304N) is the most consumed grade of stainless steels, 
accounting for 50% of austenitic grades and about 35% of all stainless steels. This is 
because of its good formability and corrosion resistance. Type 301 is the third most 
popular austenitic stainless steel (after 304 and 316) in U.S. [Davis, 2000].  
 
Table 6: Chemical compositions of stainless steels used in this study 
 
wt % Cr Ni C Mn N Fe 
201 16 - 18 3.5 – 5.5 0 – 0.15 7.5 0 – 0.25 Balance 
301 16 - 18 6.0 – 8.0 0 – 0.15 2.0  Balance 
304 18 - 20 8.0 – 12.0 0 – 0.08 2.0  Balance 
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2.2.1. Effect of Alloying Elements 
 
Chromium: one of the most important parameters in stainless steels is their high 
resistance to corrosion. This property depends on composition of alloy. Chromium in the 
alloy creates a passive film on the surface. This film gives the high corrosion resistance 
and good surface finish. Stability of this layer is affected by atmospheric conditions and 
percentage of Cr in the alloy.  10.5% Cr content will create stainless steel in unpolluted 
rural places; however in polluted or marine atmospheres, this amount may not be sufficient 
[Dean, 1988; Davison, 1992]. In this study, all grades have almost same amount of Cr in 
them. 
 
Nickel: is used to increase the resistance to mineral acids and is effective in 
reducing environments. Within the alloys of this study, 304 has the highest nickel content 
and 201 has the lowest. However, effect of nickel content has more importance in stress-
corrosion cracking (see section 2.2.3) [Davison, 1992]. 
 
Manganese: in moderate quantities and with some nickel, Mn can replace some of 
the Ni. High Mn content will result with resistance to galling [Davison, 1992]. In this 
study, 201 has some Mn replacement over Ni. 301 and 304 have only 2% of Mn and higher 
Ni content when compared to 201. 
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2.2.2. Cost of Grades Studied 
 
200 series were developed during World War II, due to scarce of nickel [Davis, 
1994]. Even today, there is a trend for switching to 200 series, since they contain less 
nickel compared to 300 series (see Table 5), making it a relatively inexpensive grade 
[Blondeau, 2006]. Figure 5 shows the effect of nickel prices on the prices of AISI 201 and 
304 alloys [Bergstrom, 2005]. Nickel prices for the last eight years are tabulated in Table 
7, according to London Metal Exchange. Note that, within the last few years, nickel prices 
have gone up to 34$/kg causing a price surcharge of almost 1.5$/kg surcharge between 201 
and 304 alloys.  
 
Figure 5: The effect of nickel price on the price of 201 and 304 [after Bergstorm, 2005] 
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Table 7: Nickel prices from 2001 to date [lme.co.uk as of 11.16.2008] 
 
Date Nickel Price ($/kg) 
1/2001 7.2 
1/2002 5.8 
1/2003 7.1 
1/2004 16.6 
1/2005 15.2 
1/2006 13.5 
1/2007 33.8 
1/2008 25.8 
11/2008 19.0 
 
2.2.3. Stress-Corrosion Cracking Properties 
 
Although grade AISI 201 has cost advantage, lowering nickel contents may cause 
problems in service. One of the biggest issues is stress-corrosion cracking (SCC) [ISSF, 
2005]. SCC is a delayed failure process. The cracks initiate and propagate at very slow 
rates (~10-9 to 10-6 m/s). These are initiated by residual stresses, initial cracks in the 
material or corrosive environment (environment has very little effect on stainless steels) 
[Jones, 1992; Danckert, 1997]. 
 
Sensitivity of austenitic stainless steels to SCC is affected by composition, 
microstructure and cold work. To further study the effect of composition, alloying 
elements are classified as: (1) beneficial (decreasing SCC characteristic or increasing the 
crack initiating time), (2) detrimental, (3) variable and (4) no effect. Some of elements are 
illustrated in Figure 6 according to their effect on SCC in austenitic stainless steels 
[Davison, 1992; Jones, 1992].  
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Figure 6: Effect of alloying elements on SCC resistance of austenitic stainless steels 
[Jones, 1992] 
 
 
  
Microstructure also affects the SCC characteristic. To obtain high resistance to 
SCC, considerable percentage of δ ferrite must be present (therefore duplex and ferritic 
stainless steels have higher resistance to SCC than austenitics). Due to martensitic 
transformation during straining in austenitic stainless steels, it is very difficult to 
distinguish the effects of cold work and microstructure [Jones, 1992]. 
 
 Last parameter affecting SCC was the residual stresses caused by forming. Figure 7 
shows the effect of deep drawing and nickel content on SCC in austenitic stainless steels. 
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Note that, for lower deep drawing ratio (less complex parts), AISI 201 has negligible risk 
of SCC. However as ratio increases it goes up to 100%. On the other hand AISI 304 is 
suitable for more complex parts without the risk of SCC [ISSF, 2005]. 
 
Figure 7: Effect of nickel content and deep drawing [ISSF, 2005] 
 
 
 
 Further heat treatment (stress relieving) can be applied to increase the resistance to 
SCC. This process will shift the cost balance. Cheap materials (lower nickel content) will 
require further heat treatment which causes more production costs [Jones, 1992; ISSF, 
2005].  
2.2.4. Other Properties 
 
 Heat-treatment: austenitic stainless steels are not heat-treatable due to their low 
levels of carbon [Peckner, 1977; Beddoes, 1999]. 
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 Strain hardening: austenitic grades can only be hardened with straining [Peckner, 
1977]. Higher nickel content generally results with less strain hardening [Davis, 1994]. 
Generally in stainless steels, strain hardening exponent (n-value) is higher than mild 
carbon steels and may go up to 0.45-0.6 [Talyan, 1998; Kalpakjian, 2000]. This 
information will be investigated using hydraulic bulge testing. 
  
 Weldability: austenitic grades are generally considered to be weldable using 
conventional welding techniques. It is also known that 201 has poorer weldability than 304 
due to hot cracking [AK Steel 201 Datasheet; Talonen, 2008]. To increase weldability 
lower carbon alloys are preferred (304L or 316L instead of 304 or 316) [AK Steel Stainless 
Steel Comparator].  
 
 Magnetic properties: austenitic stainless steels are non-magnetic in annealed 
condition. However, depending on the nickel content, austenitics become slightly magnetic 
after cold work [Peckner, 1977]. 
 
 Strain rate sensitivity: due to deformation induced martensite transformation, 
austenitic stainless steels have high strain rate sensitivity. Austenitic stainless steels may 
show high strain rate sensitivity even at room temperatures [Talyan, 1998]. This value may 
go up to 0.4 as temperature increases (~1200ºC) [Kalpakjian, 2000]. 
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 Machinability:  Figure 8 is a comparative chart of machinability of different 
stainless steel classes (austenitic, martensitic, etc.) and other alloys. As seen, austenitic 
stainless steels may be as machinable as ferritic grades and even better than carbon steels 
[Beddoes, 1999]. 
 
Figure 8: Comparative machinability of common metals 
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2.3. Hydroforming 
 
 
The most common method of forming stainless steel blanks has been deep drawing 
in cold conditions to fabricate sinks, cups, cans etc. Formability of stainless steel grades at 
elevated temperatures, particularly under warm hydroforming conditions has not been 
investigated in detail. That is one of the primary goals of this study. 
 
Hydroforming is a metal forming method dates back to early 1900’s, where 
deformation is introduced by fluid pressure. The blanks can be either sheet or tubular 
forms. The method of forming the former is called Sheet Hydroforming (SHF) and the 
latter Tube Hydroforming (THF) [Singh, 2003].  
 
In hydroforming process, pressurized fluid (water or oil) deforms the material into 
a given shape with a single die as opposed to stamping where a set of two dies is needed 
[Hosford, 2005]. Uniform straining of the material due to fluid pressure leads to uniform 
increase in yield strength. Therefore the local thinning is delayed and higher part depth 
and/or tighter radii can be obtained in hydroforming [Novotny, 2003]. 
 
 Hydroforming can be further investigated under three: 
(1) Tube hydroforming (Figure 9-a), 
(2) Sheet hydroforming (Figure 9-b), 
(3) Hydro-mechanical deep drawing (Figure 9-c). 
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Figure 9: Types of hydroforming: a) tube hydroforming, b) sheet hydroforming, c) hydro-
mechanical deep drawing 
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2.3.1. Tube Hydroforming 
 
 
 Tube hydroforming has been one of the earliest applications of hydroforming. The 
first patent about tube hydroforming was filed in 1902 by Park [Park, 1903], as shown in 
Figure 10. Early applications of tube hydroforming were to produce steam boiler parts (as 
in Park’s patent) and wind musical instruments (trombones, etc.) [Foster, 1917; Singh, 
2003].  
 
In 1940, another patent was filed about manufacturing of seamless metal T fittings 
(Figure 11-a). This application had the axial feeds of material in purpose of feeding the 
material in the branch. Since then, many components from water taps (Figure 11 - b) to 
bicycle frames were produced using this technique [Singh, 2003]. 
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Figure 10: The first patented tube hydroforming application [Park, 1903]. 
 
  
Beginning with 1990, tube hydroforming has been used in the automotive industry 
for mass production of structural rail parts with the improvements in control and 
hydraulics. Some of the applications of tube hydroforming in automobiles can be listed as 
[Ahmetoglu, 2000; Singh, 2003]: 
 
- Instrument panel beams (IP-beam), 
- Axles (Figure 11 - c), 
- Engine cradles (Figure 11 - d), 
- Roof rails, 
- Exhaust and manifold parts, 
- Crankshafts.  
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Figure 11: Applications of tube hydroforming [Hartl, 2005]. 
 
 
2.3.2. Sheet Hydroforming 
 
  
 Sheet hydroforming is an alternative to stamping process, in which the punch is 
replaced by the pressurized fluid medium. The sheet blank is placed between the blank 
holder and female die. Pressurized fluid is introduced to the volume bounded by the work 
piece and blank holder. Internal pressure causes stress within the metal and deforms it 
plastically (Figure 12).  
 
Figure 12: Schematic view of sheet hydroforming 
 
Blank Hydroforming Formed Part  
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There are several advantages of sheet hydroforming over conventional stamping, 
embossing and deep drawing processes, such as [Lücke, 2001; Novotny, 2003; Singh, 
2003]: 
- Uniform strain distribution,  
- Higher achievable strain (more complex parts can be produced),  
- Greater depth of draw (up to 1.5 times), 
- Improved surface finish, 
- Lower springback, 
- Shorter tool development time, 
- Lower tooling costs, 
- Weight reduction in the product (up to 30%). 
On the other hand, there are several disadvantages of the method [Singh, 2003]: 
- Longer cycle times (lower production rates), 
- Large panels require very large presses →  high initial investment is required. 
 
Majority of the current research on sheet hydroforming technology has been to 
investigate the following issues: 
 
- Hydroforming of sheet metal pairs for manufacturing of hollow bodies, such as fuel 
tanks [Hein, 1999; Novotny, 2001]. 
- Variable blank holding mechanisms enable restricting or allowing the material flow 
to control the thinning in the part [Shulkin, 2000]. 
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- Effect of warm hydroforming, increasing the formability of lightweight materials 
such as aluminum and magnesium alloys [Novotny, 2003]. 
- Use of a movable female die, in purpose of reducing the thinning in critic zones. 
Thus improving the formability of the materials, allowing more complex parts to be 
produced [Zhang, 2003]. 
- Shell hydroforming to produce large spherical vessels [Wang, 2005]. 
  
2.3.3. Hydro-mechanical Deep Drawing 
 
 
Sheet hydroforming is often confused with hydro-mechanical deep drawing, where 
the deformation is introduced using a solid die, as in the conventional deep drawing 
process, but against a pressurized medium on the other side of the sheet blank (Figure 13-
a). In this manufacturing method, sheet metal is placed over a fluid chamber. Pressurizing 
of fluid medium (usually oil or water) is either supplied by the movement of the punch or a 
separate hydraulic system [Zhang, 2004]. Recently, researchers are working on the effect 
of pre-bulging the blank before the deep drawing process [Lang, 2004]. Figure 13 shows 
the schematic of hydro-mechanical deep drawing and some parts produced by this method. 
Note that, the parts shown are referred as sheet hydroformed in the reference article [Maki, 
2007]. 
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Figure 13: Schematic of hydro-mechanical deep drawing process [Neugebauer, 2006] and 
hydro-mechanically deep drawn parts used in Pontiac Solstice ® [Maki, 2007] 
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 To distinguish hydro-mechanical deep drawing from sheet hydroforming process, 
some researchers name hydro-mechanical deep drawing as SHF-P (Sheet hydroforming 
with punch) whereas sheet hydroforming as SHF-D (Sheet hydroforming with die). 
However, there is a trend on sheet hydroforming (as 2.2.1) with movable die (assembled to 
punch); therefore this nomenclature is not recommended [Zhang, 2003; Palaniswamy, 
2007]. 
2.4. Warm Forming 
 
The term “warm forming” is defined as the forming operation at elevated 
temperature levels, but below recrystallization temperature ( )mrc TT 5.0...4.0≈  where work 
piece is heated in purpose of decreasing the flow stress, increasing the elongation and 
reducing the spring back [Neugebauer, 2006]. Warm forming is mainly utilized for 
manufacturing of complex parts, reducing the required press force/pressure and/or forming 
materials that are impossible to deform at cold conditions such as Al and Mg.  
31 
 Warm forming is commonly used for lightweight alloys, since these have poor 
formability at room temperatures. Maximum elongation drastically increases with 
increasing temperatures in aluminum and magnesium alloys, as more slip planes are 
activated [Aue-u-lan, 2007]. Warm forming is also used for high strength steels (HSS) and 
ultra high strength steels (UHSS) to reduce the press forces and spring back (Figure 14) 
[Neugebauer, 2006].  
 
Figure 14: Effect of warm forming on Mg alloys [Neugebauer, 2006] 
 
 
 
 
Figure 15: Effect of warm forming on Al alloys [Novotny, 2003] 
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2.4.1. Warm Hydroforming 
 
 
Warm hydroforming technique has the advantages of both hydroforming and warm 
forming. These enable complex parts to be produced with materials those have poor 
formability with less force/pressure compared to conventional methods.  
 
 In warm hydroforming process, the pressurized fluid medium is usually hydraulic 
oil. Oil – when compared to gas – has higher thermal capacity and higher pressures can be 
applied easily. However, after 300ºC use of gas is more adequate, since gas medium is 
inflammable [Hartl, 2005; Neugebauer, 2006].  
 
Figure 16: Warm hydroforming sequences and ideal temperature-time graphs 
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 When designing a warm hydroforming setup up to 300ºC (using oil as the fluid 
medium), following concerns should be addressed [Novotny, 2003]: 
• Key components, such as pumps, valves, sealing elements, etc. should be suitable 
for both high pressure and temperature. 
• In order to have constant temperature during forming (isothermal forming), heating 
is necessary for both the fluid medium and the dies. 
• For safety of operator, guards for splash should be properly designed. In case of 
any burst in the work piece, hot oil should not contact the operator or nearby 
people. 
• Vapor of lubricants and/or the pressurizing fluid should be removed.  
 
Warm hydroforming has been used in the manufacturing industry to form complex 
lightweight parts. Gas forming using superplasticity characteristics of certain alloys is in 
interest of today’s automotive industry. Superplasticity is the ability of materials to 
undergo extreme elongation which is observed in some materials at high temperature and 
low strain rate (i.e. slow production rate) [Neugebauer, 2006]. Figure 17 shows a 
superplastic ( )13101,450 −−== sxCT o ε  tensile specimen of Al5083 before and after the 
test.  
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Figure 17: Superplastic behavior of Al5083 (after Verna, 2006) 
 
 
  
Traditionally, superplastic forming (SPF) has been used in aerospace industry. 
Requirements of special alloys and high cycle times (even up to 20 minutes) make this 
method cost inefficient. However, current research on superplastic forming is to reduce the 
high costs of the process by speeding up the deformation rate. Recently; GM, Kaiser 
Aluminum and Pacific Northwest National Laboratory (PNNL) have come up with Quick 
Plastic Forming (QPF), which reduced the cycle time with an order of magnitude, making 
it cost-efficient to be commercialized for a low-volume, high-end model. 2004 Chevrolet 
Malibu’s ® trunk lid is produced using QPF technique (Figure 18), QPF is similar to SPF, 
but the temperature needed is relatively low and relatively higher strain rates can be 
achieved (making the cycle time less, cost efficiency higher) [Carpenter, 2002; Carpenter, 
2005; Verna, 2006].  
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Figure 18: Trunk lid manufactured by QPF technique [Carpenter, 2005]. 
 
 
2.5. Material Characterization Tests for Mechanical Properties 
 
 In order to analyze the metal forming processes, response of the metal to loading, 
temperature and loading rate are required. Flow (stress-strain) curves are used to 
characterize the behavior or response of metals. Flow curves are determined 
experimentally and provide information about the relation between stress and deformation 
(strain). There are many tests to obtain flow curves, such as; tensile, compression 
(upsetting), torsion, limiting dome height, plane torsion, hardness (indentation), plane 
strain compression and hydraulic bulge test [Lange, 1985].  
 
The flow curves determined using different tests and test conditions do not 
replicate each other, due to effects of stress state, yield criterion assumption, anisotropy 
(Bauschinger effect), experimental inaccuracies, temperature and general weakness of the 
modeling. Keeping in mind all these factors, none of the test methods can be named as the 
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best or optimal. Each one has specific field of applications, due to specific straining path 
[Lange, 1985; Tekkaya, 2001]. 
Table 8: Flow Curve Determination Experiments and Their Applications in Metal Forming 
[Tekkaya, 2001]. 
 
Test Application 
Tension Sheet and Bulk Forming 
Upsetting Bulk Forming 
Plane Strain 
Compression Sheet Forming 
Torsion  Sheet and Bulk Forming 
Hydraulic Bulge Sheet Forming 
Hardness  Sheet and Bulk Forming 
  
 
 For thin sheets, tensile test is commonly used to obtain flow stress curves (i.e., 
stress-strain curves) due to its simplicity and availability. However, instability occurs 
during tensile test due to necking at relatively low strain levels.  This limits the accurate 
applicability of tensile test results for various manufacturing processes where the sheet 
metal is deformed up to higher strain levels. Tensile tests can be conducted for either 
circular or rectangular cross sectional parts. For circular cross sectional parts, the flow 
curves after necking can be calculated using Siegel and Schwaigerer equations by using R 
value as shown in Figure 19 [Tekkaya, 2001]. However, thin sheet metal tensile test 
samples are usually stamped. Therefore, they do not have circular cross sections. Such 
assumptions will not work since the cross section is varying with necking as shown in 
Figure 20.  
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Figure 19: Necking in circular tensile specimen [Lange, 1985]. 
 
 
 
Figure 20: Change of cross section in rectangular tensile specimen: dashed lines show the 
initial, hatched area is after necking [Holt, 2000]. 
 
 
 
 Necking starts at maximum engineering stress (or maximum tensile load). For 
higher accuracy, tensile tests are carried up to the end of uniform elongation where necking 
is not observed as proven in the following derivations. For uniform elongation region: 
 
Static Equilibrium 
xxAF σ=  (5) .
0=+= dAAddF xxxx σσ  (6) .
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A
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xx −=σ
σ  (7) .
 
Volume Conservation 
AllA =00  (8) .
Where  are initial area and length (constant), A and l are instantaneous area and 
length (varying with deformation). 
00  and lA
 
ldAAdl +=0  (9) .
xxdl
dl
A
dA ε−=−=  (10) .
 
Flow Curve Equation 
n
xxxx kεσ =  (11) .
xx
xx
n
xx
xx
xx nnk
d
d σεεε
σ == −1  (12) .
`xx
xxxx
xx dnd εεσ
σ =  (13) .
 
Equations (7) and (10) are combined to:  
xx
xx
xx dd εσ
σ =  (14) .
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Equations (13) and (14) are combined to: 
xxxx
xx
ddn εεε =  (15) .
nxx =ε  (16) .
 
From equation (16), achievable strain is found to be limited to strain hardening 
exponent, n, which is about 0.40-0.50 for stainless steels. Therefore flow curves gathered 
from tensile test for thin sheet materials require extrapolation up to fracture point [Lange 
1985; Tekkaya, 2001; Douthett, 2006].  
CHAPTER 3  Material Characterization under Warm Hydroforming 
Conditions 
 
3.1. Hydraulic Bulge Test 
 
 Contrary to the instability of tensile test, as discussed in the previous chapter, 
hydraulic bulge testing provides useful flow curve information up to strain levels of 
70.0≅ε , for thin sheet metals ( )50/0 crt <  [Lange, 1985; Gutscher, 2004].  
 
Figure 21: Geometry of hydraulic bulge test: initial (left) and instantaneous (right) 
 
 
 In hydraulic bulge test, sheet metal is clamped between two dies as shown in Figure 
21. The constant parameters for die sets are the die cavity radius (rc) and upper die fillet 
radius (rf). Initial thickness of sheet metal (t0) is another constant. As pressure is 
introduced, the metal will start to bulge to a hemispherical dome shape. Instantaneous 
0t P
t
fr
cr
ρ
dh
 40 
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variables of this bulging are: dome height (hd), pressure (P), dome apex thickness (t) and 
bulge radius ( )ρ .  
 
 For data acquisition, a non-contact laser sensor for dome height (hd) and a pressure 
transducer (P) were utilized. In addition to these, a non-contact 3-D stereo optical 
measurement system is also used. By using image analysis (gom ARAMIS software), it is 
possible to get dome height (hd), thickness (t) and bulge radius ( )ρ  for each time 
increment. 
 
 In order to get the flow curve, each time increment should be solved for strain and 
stress. These values should then be plotted as a flow curve. For strain calculations, it is 
known that plastic deformation does not cause any volume change [Hill, 1950]: 
0=++ zzyyxx εεε  (17) .
zzyyxx εεε −=+  (18) .
⎟⎠
⎞⎜⎝
⎛=−=
t
t
zz
0lnεε  (19) .
 
 Calculation of strain requires the knowledge of the initial sheet thickness (t0) and 
the dome apex thicknesses for all time steps (t). Dome apex thickness can be predicted by 
3-D stereo optical measurement system. In absence of such a system, previous researchers 
have come up with several approaches to predict the dome apex thickness as a function of 
dome height as listed in Table 9. 
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Table 9: Analysis methods for dome apex thickness (t) 
 
  Thickness at Dome Apex  
Hill           ( )
2
20 /1
1 ⎥⎦
⎤⎢⎣
⎡
+= cd rh
tt  (20) .
Chakrabarty           ( )
n
cd rh
tt
−
⎥⎦
⎤⎢⎣
⎡
+=
2
20 /1
1  (21) .
Kruglov           ( )( )
2
10 /sin
/ ⎥⎦
⎤⎢⎣
⎡= − ρ
ρ
c
c
r
rtt  (22) .
 
 
 Hill approach [Hill, 1950] does not require any additional variable. However, in 
order to utilize Chakrabarty [Chakrabarty, 1970] method, strain hardening exponent n 
should be known. This variable can be determined after gathering the flow curve. 
Therefore use of Chakrabarty approach requires iterative solution techniques. Method of 
Kruglov [Kruglov, 2002] requires the bulge radius to be known. 
 
 For bulge radius calculations, there are two different approaches. Hill’s approach 
[Hill, 1950] is a three point circle fitting (utilizing dome apex point and two die contact 
points). Panknin’s method takes the upper die fillet radius in account for better bulge 
radius prediction as tabulated in Table 10 [Gutscher, 2004]. 
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Table 10: Analysis methods for bulge radius (ρ) 
 
Method / Approach Bulge Radius  
Hill 
d
dc
h
hr
2
22 +=ρ  (23) .
Panknin  
( )
d
dfdfc
h
hrhrr
2
222 −++=ρ  (24) .
 
 In order to get the flow curves, the second essential information is to calculate the 
stress. Hydraulic bulge test is a biaxial stress state; therefore in order to have a single 
curve, assumption of the yield criterion is essential. A previous study on AISI 304 stainless 
steel at various temperatures (20-200ºC) showed that for this metal, von Mises yield 
criterion is more appropriate than Tresca criterion [Zouani, 1999]. 
 
 To calculate the equivalent von Mises stress, stress components should be 
calculated. Since the thickness is much smaller than the radius ( )50/crt ≤ , plane stress 
assumption ( 0,0 )≠=== thicknesszzthicknesszz εεσσ  can be used. Stress caused by internal 
pressure in thin walled structures is calculated by equation (25) [Dowling, 1999]: 
 
t
P
2
ρσ =  (25) .
 
 If the dome shape is spherical then radius in bulge rolling direction ( )RDρ  is equal 
to bulge radius in transverse direction ( )TDρ  (Figure 22).  
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ρρρ == TDRD  (26) .
 
 
Figure 22: Definition of bulge radii with respect to rolling direction 
 
 Assuming the dome as spherical, equations (25) and (26) are combined: 
t
P
yyxx 2
ρσσ ==  (27) .
According to von Mises criterion, the equivalent stress ( )σ  can be calculated from 
these stresses as [Dowling, 1999]: 
( ) ( ) ( ) ( )[ ] 21222222 6
2
1
zxyzxyxxzzzzyyyyxx τττσσσσσσσ +++−+−+−=  (28) .
t
P
2
ρσ =  (29) .
 
In order to determine flow curves, strain and stress values are needed to be 
calculated for each time increment of collected data. Equations of strain and stress require 
the accurate prediction of thickness and bulge radius. Methodology for determining the 
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flow curves using dome height and pressure is shown in Figure 23. As tabulated in Table 9 
and Table 10, for prediction of these variables, there were numerous approaches whose 
results were not consistent with each other. To find out the best method of analysis, a 
comparative analysis was conducted in this study.  
 
Figure 23: Methodology for determining the flow curves. 
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3.2. Experimental Setup 
 
Hydraulic bulge testing was conducted with the test apparatus shown in Figure 24. 
Test setup is consisted of lower and upper dies, hydraulic unit (controlled through PC), 
temperature controller and 3-D measurement system. Specifications of the system are 
summarized in Table 11.  
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Figure 24: Hydraulic bulge test apparatus 
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Table 11: System specifications of hydraulic bulge test setup 
 
Bulge Diameter 100 mm ~4 in 
Maximum Pressure  124 MPa 18,000 psi 
Flow Rate 1.6 lt/min 0.4 gpm 
Temperature Range ~20 – 400ºC ~70 – 750ºF 
 
  
A typical hydraulic bulge test procedure starts with the filling the oil in the lower 
die. Sealing elements (either an o-ring as shown in Figure 24 or a copper gasket, depending 
on temperature) should be properly placed. Misplacement of sealing elements may cause 
oil leak. Next, the sheet metal to be tested should be placed. The sample should cover the 
die cavity, otherwise oil leak will occur and oil cannot be pressurized. Temperature 
controller should be utilized in order to heat the dies up to the desired temperature. Once 
the temperature is achieved the pressure controller should be turned on with proper strain 
rate input.  
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During the test, dome height is continuously recorded. Desired equivalent strain 
rate is controlled by dome height. A PID control loop is utilized to track the reference 
dome height profile for the input equivalent strain rate. Controller uses Hill’s thickness 
calculation (equation (20)) for equivalent strain reference, for this reason, the calculated 
equivalent strain rates were found to be different than the input rates 
( )1sec0.01 and001.0 −=ε . 
 
 Two sets of experiments were performed with the purpose of verifying the 
thickness and bulge radius predictions. First set of experiments were conducted 
continuously until the bulging ended with bursting or spherical limit of dome height was 
achieved (if , equation cd rh > (29) does not apply). Dome height and pressure values were 
measured and recorded continuously using a pressure transducer and a laser displacement 
sensor. In addition, a 3D stereo optical measurement system (ARAMIS) was used to 
measure the deformation on the bulge surface continuously. For the latter set of 
experiments (i.e. stepwise experiments), hydraulic bulging was stopped at certain pre-
defined dome height values (Figure 18). The pressure was recorded. Bulge radii (both in 
rolling and transverse directions as shown in Figure 22) and thickness at dome apex are 
measured manually on the specimens taken out of the die to have a reference for 
comparison. To ensure repeatability, each case was tested three times for each condition.  
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Figure 25: Stepwise experiments for Al 5754 at room temperature (10, 15, 20, 25 and 30 
mm) 
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3.3. Comparative Analysis 
 
 As discussed in section 3.1, there are several methods for determining flow curves. 
To determine accurate flow curves, it was essential to find the best combination of 
approaches to calculate thickness and bulge radius.  
 
3.3.1. Bulge Radii 
 
 The principle of bulge test relies on accurate measurement of dome height, i.e. 
assuming that the bulge radius in rolling direction (RD) is equal to that of transverse 
direction (TD) (Spherical bulge). In addition, flow curve calculation requires bulge radius 
measurement and there were two different methods to calculate the bulge radius.  
  
 In order to understand the bulge radii variance, if there was any, after each test, 
sample radii were measured in both directions using image analysis. Photographs of 
samples were taken carefully, stabilizing the camera parallel to the blank. A tape meter was 
also put in the scene. Using AutoCAD, 3-point circle fit was done to the bulge geometry 
and the radius was measured as depicted in Figure 26. Note that, this measurement does 
not make any sense because the unit is in pixels. However, measuring 1” length from the 
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tape meter in the scene, the bulge radius can be calculated in inches and then converted to 
SI units. Figure 26 is a screenshot of measuring bulge radius using AutoCAD. 
 
Figure 26: Measuring the bulge radius using AutoCAD software 
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 Results of the measurement showed that for aluminum 5754 alloy and stainless 
steel AISI 201 steel, bulge radii did not vary significantly with the direction. The highest 
deviation was observed in Al 5754 alloy at 260ºC, at 10 mm dome height. The deviation 
was only 3.70% which could be due to measurement errors.  Figure 27 illustrates the 
results of bulge radii comparisons for Al5754 and AISI 201 at different temperatures. 
  
 The second important information from the bulge radii study was to determine the 
best method to calculate the bulge radius. Measured radius values (average of transverse 
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and rolling direction as in Figure 27) from stepwise experiments were compared to those 
(1) gathered from ARAMIS system, and (2) calculated from equations (23) and (24). Bulge 
radius results were then plotted versus dome height as in Figure 28. Note that, although 
ARAMIS system had good capturing capabilities, due to calibration errors and smoke at 
higher temperature conditions the results varied significantly. When Figure 28 is examined 
carefully, it can be seen that Panknin’s method provides accurate prediction of bulge radii. 
 
Figure 27: Bulge radii variation with respect to direction for Al5754 and AISI201 alloy at 
room temperature and elevated condition 
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(b) 
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(c) AISI 201 @ Room Temperature
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(d) 
AISI 201 @ 150oC
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 To find out the significant factors on bulge radius a regression analysis was done. 
Initial screening analysis showed that interactions are not that significant therefore factors 
affecting the radius are selected as material, temperature, dome height and direction. 
Response variable is selected as radius (either in transverse or rolling direction). Dome 
height and radius are entered as continuous numerical variables; whereas the others are 
entered as coded variables. Table 12 shows the coded variables and values.  
 
Table 12: Coded variables in bulge radius regression analysis 
 
  Material Temp Direction 
1 Al5754 260ºC RD 
0   150ºC   
-1 AISI201 Room T. TD 
 
 Table 13 shows the output of regression analysis gathered from 120 experiments. 
Variables marked with a star (*) are coded variables as explained in previous table.  
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Table 13: Results from regression analysis 
  
Regression Statistics      
Multiple R 0.908996      
R Square 0.826274      
Adjusted R 
Square 0.820231      
Standard Error 14.8843      
Observations 120      
       
ANOVA       
  df SS MS F 
Significance 
F  
Regression 4 121175.3 30293.83 136.7406 9.51E-43  
Residual 115 25477.37 221.5423    
Total 119 146652.7        
       
  Coefficients 
Standard 
Error t Stat P-value Lower 95% 
Upper 
95% 
Intercept 162.6012 3.668892 44.31889 3.93E-74 155.3339 169.8686
Material* 0.744192 1.46814 0.506894 0.6132 -2.16391 3.652295
Temp* -0.79851 1.816663 -0.43955 0.661089 -4.39697 2.799947
Dome -3.12663 0.137171 -22.7936 1.83E-44 -3.39834 -2.85492
Direction* 0.197229 1.358744 0.145155 0.884842 -2.49418 2.88864
 
 As seen from Table 13, the only significant factor is dome height (P-value<<0.05). 
Note that material (P = 0.61 > 0.05), temperature (P = 0.66 > 0.05) and direction (rolling 
direction / transverse direction; P = 0.88 > 0.05) are not significant. Note that, although R2 
is 0.82, the model is significant (F = 9.5E-43 << 0.05). These results statistically prove: 
1. Only factor affecting the bulge radius is dome height. Therefore the model used, 
( )hρρ =  is appropriate. 
2. Statistically there is no significant difference between rolling direction and 
transverse direction. Therefore, spherical assumption is valid. 
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Figure 28: Comparison of bulge radii calculations/measurements 
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(c) 
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3.3.2. Dome Apex Thickness 
 
 Another required parameter to be calculated / measured in bulge test is the 
thickness of the bulge at the apex (t) as shown in Figure 21. This information is used both 
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in strain and stress calculations. As discussed in the section 3.1, there are three approaches 
to be used to calculate thickness (equation (20), (21) and (22)). Parts are manually 
measured with a dial gage for reference. ARAMIS software is utilized to calculate the 
thickness using the ‘thickness reduction’ option. Figure 29 illustrates the thickness 
measurement and calculations from several approaches for Al5754 and AISI 201 at 
different temperatures. Overall, it can be concluded that Kruglov’s approach results in the 
best approximation when compared with Stepwise experiments and ARAMIS results. 
 
Figure 29: Comparison of dome apex thickness calculations/measurements 
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(b) 
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(d) 
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3.3.3. Flow Curves 
 
 
 As discussed in previous sections, the main goal of hydraulic bulge testing is 
determining flow curves. Using the formulations and the bulge radii and thickness 
measurements/calculations above, flow curves were calculated for Al5754 (at room 
temperature and 260ºC) and AISI 201 (at room temperature and 150ºC). Results are plotted 
in Figure 30. 
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Figure 30: Flow curves determined by different and methods 
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(c) 
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3.3.4. Conclusions of Comparative Analysis 
 
 Based on the bulge radii comparison in Figure 28, it can concluded that Panknin’s 
method is the most accurate and reliable method for bulge radii calculations when 
compared with Stepwise experimental results. Note that, problems with the calibration of 
the ARAMIS system or smoke/vapor due to warm hydroforming may affect the ARAMIS 
results, making it erroneous. Error of the ARAMIS system decreases with the increasing 
dome height. Panknin’s method, however, predicts the bulge radius accurately at all stages 
of dome height. 
 
 On the other hand, Figure 29 shows that ARAMIS is accurate in thickness 
measurements. Kruglov’s approach is also as accurate as ARAMIS in prediction of 
thickness when compared with stepwise experiments. 
 
 For flow curves, bulge radius is an important factor. Therefore, the instability of 
ARAMIS system in prediction of the bulge radius causes significant error in flow curves 
(see Figure 30–d). Use of a 3-D stereo optic system is not reliable at elevated temperature, 
unless additional smoke/vapor removal systems are employed.  
 
 Considering the high initial cost and instability of 3-D optical measurement system, 
the most cost effective and accurate method for determination of flow curves is to employ 
a pressure transducer and a dome height recorder (LVDT or a non-contact like laser sensor, 
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etc.). Panknin’s bulge radius and Kruglov’s thickness calculation methods result with 
reasonably accurate prediction of flow curves. 
3.4. Flow Curves for Stainless Steels 
 
 Hydraulic bulge tests were carried for AISI 201, 301 and 304 stainless steels at two 
strain rate levels ( 001.0=ε  and ) and four temperature levels (25, 100, 150 and 
200ºC) in order to characterize warm forming characteristics. Initial thicknesses of sheet 
blanks are tabulated in 
1sec01.0 −
Table 14. After applying Panknin’s bulge radius calculation 
(equation (24)) and Kruglov’s thickness calculation (equation (22)); strain and stress 
calculations can be completed as described in the previous section.  
 
Table 14: Initial dimensions of the tested materials  
 
AISI to (mm) LxW (mm) to (in) LxW (in) 
201 0.55 150 x 150 0.022 6 x 6 
301 0.76 150 x 150 0.030 6 x 6 
304 1.00 150 x 150 0.039 6 x 6 
 
 
 For simulation purposes, flow stress should be described using a constitutive 
equation. The most common constitutive equation used in metal forming analyses is 
Hollomon’s equation [Gronostajski, 2000]: 
nkεσ =  (30) . 
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 Where k is strength coefficient (in MPa or ksi) and n is strain hardening exponent 
which are constant for constant temperature. However, at elevated temperatures strain rate 
has significant effect on flow stress [Kalpakjian, 2003]: 
 mCεσ =  (31) . 
 
 In equation (31), C and m are not constant. As temperature is increased, C 
decreases and m increases. As strain is increased, C increases and m may either increase or 
decrease [Kalpakjian, 2003]. 
 
 For warm forming, neither of these constitutive laws works better than Fields and 
Backofen equation which has both strain and strain rate as input [Gronostajski, 2000; 
Tekkaya, 2001]. 
mnk εεσ =  (32) . 
  
Note that, this equation does not have temperature as input. Therefore k, n and m 
will vary with temperature. To continue with the determination of k, n and m values, actual 
equivalent strain rate of experiments are needed to be calculated. Equivalent strain can be 
calculated by using the equations (24), (22) and (19). Data of dome height was recorded 
with time information enabling the determination of equivalent strain as a function of time 
as shown in Figure 31.  
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Using linear curve fit to strain-time graphs, equivalent strain rates can be calculated 
for each test. Table 15 shows calculated average actual equivalent strain rates for each 
loading condition.  
 
Figure 31: Calculation of actual equivalent strain rate - Line fit to equivalent strain as 
function of time (AISI 201, slow strain rate, room temperature and experiment #3). 
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Table 15: Average actual equivalent strain rates for hydraulic bulge tests 
 
AISI ( )310xε  Room 100ºC 150ºC 200ºC 
Slow 1.08 0.96 0.87 1.02 201 Fast 12.28 7.69 8.88 9.04 
Slow 0.68 0.87 0.90 0.76 301 Fast 6.41 8.21 9.52 7.72 
Slow 0.85 0.76 0.90 0.77 304 Fast  6.18 11.74 8.40 13.07 
 
In order to obtain Fields and Backofen equation (equation (32)), linear regression 
analyses were performed. For each condition, natural logarithms of stress, strain and strain 
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rate were tabulated. These were then analyzed using Analysis ToolPak of Microsoft Excel 
2007. The method can be summarized as follows:  
 
( ) ( )mnk εεσ lnln =  (33) . 
( ) ( ) ( ) ( )εεσ lnlnlnln mnk ++=  (34) . 
 
 Term ( )σln  was assigned as Y (response); ( )εln  and ( )εln  were assigned as X1 
and X2 (factors).  
cbXaXY ++= 21  (35) . 
 
As shown in equation (35):  
( ) cekkc =→= ln  (36) . 
na =  (37) . 
mb =  (38) . 
 
Regression analysis was performed using all data available. After each regression, 
the p-values (probability values) were checked to ensure that each was less than 5%, which 
indicates the significance of the factor. It was found that k and n have very high 
significance values . However m has relatively lower significance values (i.e., 
higher p-values). It was found that for AISI 304 at room temperature, m was not a 
significant factor (i.e. strain rate did not have significant effect on flow curve). Constants 
( 0≈p )
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in Fields and Backofen equation were determined as listed in Table 16 at different 
temperatures for AISI 201, 301 and 304. Regression analyses are summarized in Appendix 
A. 
 
Table 16: Constants of Fields and Backofen equation determined from hydraulic bulge test. 
 
    k (MPa) k (ksi) n m 
Room 1793 260 0.523 0.0062 
100ºC 1528 222 0.529 0.0173 
150ºC 1825 265 0.532 0.0641 2
01
 
200ºC 1415 205 0.497 0.0384 
Room 2644 383 0.562 0.0635 
100ºC 1375 199 0.421 0.0192 
150ºC 1271 184 0.375 0.0247 3
01
 
200ºC 1153 167 0.38 0.0221 
Room 1230 178 0.455 0 
100ºC 1037 150 0.527 0.0048 
150ºC 1084 157 0.521 0.0317 3
04
 
200ºC 921 134 0.494 0.0193 
 
 
Figure 32-a shows the flow curves of AISI 201 stainless steel determined by the 
hydraulic bulge tests. Compared to other materials in this study, 201 demonstrated the 
highest ductility (maximum elongation before fracture). At elevated temperatures, no 
fracture was observed till the spherical limit of dome height ( )mmrh cd 50=≥ . The higher 
the strain rate is, the higher the deformation stresses needed; with the exception of room 
temperature (very small m-value at room temperature, whereas high m-values at elevated 
temperatures). Within the stainless steels studied, the highest deformation stresses are 
observed in AISI 201. 
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AISI 301 has similar flow curve characteristics to that of 201. Strain rate sensitivity 
(m-value) is not negligibly small at room temperature. This very high strain rate sensitivity 
is unexpected at room temperature, but previous studies have also shown similar values in 
tensile test results of 301 [Talyan, 1998; Snelgrove, 2001; Nordberg, 2004]. Due to this 
property, AISI 301 is proposed for vehicle applications; since high strain rate sensitivity 
will result with higher crashworthiness [Snelgrove, 2001; Placidi, 2005]. On the other 
hand, AISI 301 is not as ductile as 201, most of the specimens failed before reaching the 
spherical limit dome height. Since strain is a function of dome height, fractures at early 
dome heights cause shorter flow curves. Contrary to what was observed in 201 and 
expected of 301; at 150ºC and 200ºC, increasing the strain rate increases the ductility. 
However, the difference is not significant. 
 
AISI 304 demonstrated the lowest strength within the alloys investigated. 
Increasing the strain rate increases the strength at elevated temperatures. Note that, 
regression analyses have shown that there is no significant strain rate effect in AISI 304 
steel at room temperature, as expected.  
 
 For those experiments in which fracture was observed (some 301 conditions and 
304 at room temperature), fracture was observed at the dome apex and arc-like shape. 
Based on previous works, it can be concluded that, this fracture type is anisotropic ductile 
fracture [Aginagalde, 2007]. 
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Figure 32: Flow curves for stainless steels 
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(c) 
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CHAPTER 4  Warm Sheet Hydroforming Experiments 
 
 
 Sheet hydroforming was described in section 2.3.2. With the purpose of validating 
the flow curves and the constitutive equations obtained in Chapter 3, experiments of warm 
sheet hydroforming were conducted using two different die geometries. These samples will 
be the reference for comparison with finite element analyses of next chapter.  
 
Two different die geometries were used for this purpose: axisymmetric and non-
axisymmetric. Note that, a modification was applied to the non-axisymmetric die, leading 
to a small bump with a curvature (R5) in the middle. Overall dimensions of both dies were 
100mm in diameter to ensure that both can go into the same hydroforming tooling. 
However, they had different geometrical features and dimensions as depicted in Figure 33 
and Figure 34. 
 
Each material was tested at two temperatures: 100ºC and 200ºC. Since the vision of 
laser is blocked by the upper die, the process control (which was dome height for hydraulic 
bulge testing) was modified to pressure profile. Pressure is given as a ramp input of 
. However, due to delays in the control system, the input pressure profile 
might not be applied perfectly. 
sMPa /22.0
Figure 35 shows the comparison of input and actual 
pressure profiles for some of the samples. Input profile was constant for all experiments. 
However, considering the material’s burst pressure and thickness, maximum pressures 
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were not set to a constant for all. Table 17 is the list of applied pressures in the warm 
hydroforming experiments.  
 
Figure 33: Axisymmetric (a), (b) die; and (c) formed parts  
(a) (b) (c)   
Figure 34: Non-axisymmetric (a), (b) die; and (c) formed parts  
 
   (a) (b) (c)  
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Figure 35: Pressure profiles: input and actual 
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Table 17: Design of experiments matrix 
Low Pressure (MPa) High Pressure (MPa) Material (AISI) Temp  (ºC) Die #1 Die #2 Die #1 Die #2 
100 10 10 20 20 201 200 10 10 15 20 
100 10 10 20 20 301 200 10 10 15 20 
100 15 15 20 30 304 200 15 15 20 30 
 
 After each test, samples’ profiles were captured using 3-D stereo-optical 
measurement system ARAMIS. Samples were placed in the calibration distance to two 
CCD cameras. One photo is taken for each. These were then analyzed using image analysis 
software of ARAMIS. When only one photo is taken, it was not possible to calculate 
thickness reduction or strain, but it was possible to get a 3-D image. 
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Figure 36: ARAMIS analyses of warm hydroforming 
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4.1. Axisymmetric Warm Hydroforming Experiments 
 
Stainless steel sheet metals of same thicknesses as in Chapter 3 (for AISI 201, 
0.55mm; 301, 0.76mm and 304, 1.00mm) were hydroformed at 100ºC and 200ºC with a 
ramp pressure input of 0.22 MPa/s. Then, sheet thickness was measured with 5 mm 
intervals, using a micrometer as shown in Figure 38. Results are tabulated in Table 18. 
These results will be used as reference for FEA validation in Chapter 5. 
 
Second parameter to be compared with FEA is the part profile. Using ARAMIS 
software, it was possible to digitize the profile of the experiment as seen in Figure 41. 
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Profiles were analyzed using numerical integration to calculate the die filling percentage. 
Table 20 and Figure 58 show the die profile filling percentage of all experiments. Results 
are in good agreements, showing that the repeatability of the system is acceptable.   
 
 As Table 19 indicates, the significant factors affecting the thinning are distance 
from center and material. Temperature and pressure are insignificant. Model has an overall 
P-value of 8.74E-17<<0.05, which shows the model is acceptable.  
 
Figure 40 shows the interaction plots. From the first column, it can be concluded 
that the least thinning is observed in AISI 201 (coded as -1), the highest is observed in 
AISI 304 (coded as 1). Effect of temperature on thinning varies with material (see 2nd 
column). For AISI 304, with an increasing temperature, thinning reduces; however, for 
AISI 301, it is increasing (1st row). The effect of pressure on thinning is not the same for 
all grades also. This is apparent from the regression analysis (Table 19), which showed that 
pressure and temperature are not significant factors on thinning. Radial distance has a 
negative effect on thinning such that as distance from center is increased, less thinning is 
observed. Trend is similar in all interactions 
 
 
 
 
 
 
 
 
 
 
75 
Figure 37: Warm hydroformed samples (axisymmetric die, die #1) 
(a) 
AISI 201
(b)
AISI 301
(c) 
AISI 304  
 
 
Figure 38: Thickness measurement points of axisymmetric warm hydroforming 
experiments 
 
5mm
r = 0 r = 45
 
Table 18: Thinning percentage measurements of axisymmetric warm hydroforming, with 
respect to distance from center. 
Temperature Pressure
(°C) (MPa) r = 0 mm r = 5 mm r = 10 mm r = 15 mm r = 20 mm r = 25 mm r = 30 mm r = 35 mm r = 40 mm r = 45 mm
10 12.12 13.21 14.24 10.36 12.67 15.15 11.82 12.55 7.94 5.09
20 17.15 16.97 17.33 12.18 20.30 12.97 17.52 2.24 14.61 8.67
10 12.42 15.39 10.24 10.79 14.79 16.91 10.36 15.88 10.12 11.21
15 10.55 13.03 14.61 19.39 16.06 15.27 14.85 10.67 2.12 4.36
10 15.79 14.87 12.41 12.11 12.41 15.18 14.87 6.27 11.71 3.29
20 17.59 13.99 21.49 22.54 22.59 19.04 23.16 16.14 20.35 13.16
10 15.66 13.03 16.23 10.96 14.21 15.61 11.75 10.00 7.59 7.89
15 19.74 14.21 20.75 18.64 25.92 13.68 16.67 8.25 11.97 14.56
15 31.57 30.67 33.33 32.07 27.23 30.93 24.57 27.47 22.17 17.47
20 13.73 11.73 23.33 29.47 29.83 29.83 26.53 26.73 26.40 23.83
15 27.10 19.27 27.37 21.87 28.67 23.73 21.97 23.07 20.90 11.63
20 27.13 18.13 40.10 23.83 34.17 26.63 32.83 16.53 29.33 8.00
100
200
304
100
200
Thinning (%)AISI
201
100
200
301
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Figure 39: Profile and thickness measurements (AISI 304, 100ºC, 20 MPa, #1) 
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Table 19: Regression analysis for axisymmetric die, work piece thinning profile 
Regression Statistics 
RSquare 0.70720251 
RSquare Adj 0.63705311 
Root Mean Square Error 4.57882447 
Mean of Response 17.5362307 
Observations (or Sum Wgts) 120 
 
ANOVA     
Source DF Sum of Squares Mean Square F Ratio 
Model 23 4861.3363 211.362448 10.0813766 
Error 96 2012.70082 20.9656336 Prob > F 
C. Total 119 6874.03712 . 8.7414e-17 
 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 20.60963 3.176639 6.487873 3.79E-09 
Material *[-1] -5.37397 0.743814 -7.22489 1.19E-10 
Material *[0] -1.91736 0.743814 -2.57773 0.011466 
Temp -0.01627 0.010792 -1.50742 0.134988 
Material *[-1]*(Temp-150) 0.00945 0.014876 0.63527 0.526764 
Material *[0]*(Temp-150) 0.026181 0.014876 1.759909 0.081609 
Pressure 0.257665 0.144795 1.779511 0.078321 
Material *[-1]*(Pressure-15) -0.20585 0.196054 -1.04995 0.296377 
Material *[0]*(Pressure-15) 0.512511 0.196054 2.614137 0.010387 
(Temp-150)*(Pressure-15) 0.00353 0.002896 1.219031 0.225819 
Material *[-1]*(Temp-150)*(Pressure-15) -0.00755 0.003921 -1.92508 0.057179 
Material *[0]*(Temp-150)*(Pressure-15) -0.00235 0.003921 -0.60054  0.5496 
Distance -0.18551 0.037574 -4.93714 3.34E-06 
Material *[-1]*(Distance-22.5) 0.004959 0.051793 0.095739 0.923927 
Material *[0]*(Distance-22.5) 4.49E-02 0.051793 0.867808 0.387664 
(Temp-150)*(Distance-22.5) 
-3.40E-
05 0.000751 -0.04521 0.964036 
Material *[-1]*(Temp-150)*(Distance-22.5) -0.00039 0.001036 -0.37889 0.705606 
Material *[0]*(Temp-150)*(Distance-22.5) -0.00062 0.001036 -0.59745 0.551612 
(Pressure-15)*(Distance-22.5) 0.011333 0.010082 1.124021 0.263807 
Material *[-1]*(Pressure-15)*(Distance-22.5) -0.03257 0.013651 -2.3856 0.019014 
Material *[0]*(Pressure-15)*(Distance-22.5) -0.00435 0.013651 -0.31843 0.750851 
(Temp-150)*(Pressure-15)*(Distance-22.5) -0.00054 0.000202 -2.66754 0.008969 
Material *[-1]*(Temp-150)*(Pressure-15)*(Distance-22.5) 0.000251 0.000273 0.919957 0.359901 
Material *[0]*(Temp-150)*(Pressure-15)*(Distance-22.5) 0.000361 0.000273 1.323651 0.188762 
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Figure 40: Interaction plots of thinning profile, axisymmetric die (Material: 1=304, 0=301, 
-1=201) 
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 A full factorial regression analysis was conducted to see the significant factors and 
interactions (if any) for the die cavity filling percentage. The results have shown that 
material and pressure are significant factors; but temperature is not between 100-200ºC. 
However, interaction between temperature and material is significant; therefore 
temperature cannot be disregarded. In this analysis, material* is a coded variable (-1 for 
AISI 201, 0 for AISI 301 and 1 for AISI 304); all others are numerical continuous 
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variables (temperature, pressure and die filling percentage). Replications are included in 
the analysis. See Table 21 and Figure 43 for details. 
 
 It was unexpected to observe that for AISI 201 and 304, with an increasing 
temperature (from 100-200 C), the die filling percentage slightly decreases (see Figure 43, 
1st column, 2nd row). Similarly, at low pressure, temperature has a negative effect. This 
may be due to higher thermal contraction in high temperature and/or high springback in 
low temperature forming. Since the slope is small, it may even caused by experimental 
measurement errors or variations. Note that, this trend was not observed in AISI 301 (see 
Figure 43, 2nd column, 1st row, AISI 301 was coded as 0). Other parameters were as 
expected such that with increasing pressure, the die cavity filling increases for all materials 
and temperature conditions.  
 
 Figure 41: Part profiles of AISI 301 at 200ºC and 15 MPa (using ARAMIS system) 
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Table 20: Die filling percentages calculated from ARAMIS for the axisymmetric (#1) die  
 
Die Filling Percentage AISI Temperature Pressure (MPa) Exp. 1 Exp. 2 
10 75.67 72.93 100ºC 20 83.41 82.93 
10 71.20 68.20 201 200ºC 15 79.30 76.50 
10 62.60 61.10 100ºC 20 78.60 77.10 
10 63.60 63.40 301 200ºC 15 77.50 76.90 
15 76.70 69.90 100ºC 20 80.70 79.10 
15 70.90 70.10 304 200ºC 20 76.90 75.20 
 
 
Figure 42: Die filling percentages calculated from ARAMIS for the axisymmetric (#1) die. 
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Table 21: Regression analysis for axisymmetric die filling percentage 
 
Regression Statistics 
RSquare 0.956704 
RSquare Adj 0.917016 
Root Mean Square Error 1.846257 
Mean of Response 73.76833 
Observations (or Sum Wgts) 24 
 
ANOVA     
Source DF 
Sum of 
Squares 
Mean 
Square F Ratio 
Model 11 903.8447 82.1677 24.10553 
Error 12 40.904 3.408667 Prob > F 
C. Total 23 944.7487 . 1.75E-06 
 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 49.48 2.76 17.92 0.0000 
Material *[-1] 3.74 0.67 5.57 0.0001 
Material *[0] -1.06 0.67 -1.57 0.1414 
Temp 0.01 0.01 1.27 0.2273 
Material *[-1]*(Temp-150) -0.02 0.01 -1.55 0.1481 
Material *[0]*(Temp-150) 0.06 0.01 4.56 0.0007 
Pressure 1.55 0.13 11.87 0.0000 
Material *[-1]*(Pressure-15) -0.29 0.18 -1.62 0.1316 
Material *[0]*(Pressure-15) 0.62 0.18 3.51 0.0043 
(Temp-150)*(Pressure-15) 0.01 0.00 2.15 0.0528 
Material *[-1]*(Temp-150)*(Pressure-15) 0.00 0.00 0.54 0.5970 
Material *[0]*(Temp-150)*(Pressure-15) 0.01 0.00 1.64 0.1274 
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Figure 43: Interaction plots of die filling analysis, axisymmetric die 
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4.2. Non-axisymmetric Warm Hydroforming Experiments 
 
 Experiments were also conducted with non-axisymmetric die using the same 
methods described in section 4.1. Final part height (also can be referred as drawing depth 
similar to deep drawing applications) of this die was less than the first die (16.5 mm 
compared to 22.2 mm). Due to less height, parts were better formed in terms of die cavity 
filling percentages (Figure 44). Note that, due to non-axisymmetric geometry, there were 
two different profiles for comparisons. Therefore, two different die profile fillings were 
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calculated. Figure 45 shows the designation of the profiles and die cavity filling ratios for 
some experiments were plotted in Figure 46. Die cavity filling percentages were tabulated 
in Table 22 and Table 24.  
 
 Table 23 and Figure 48 summarize the regression analysis for die filling percentage 
measurements of non-axisymmetric die warm hydroforming of 1st profile. Results indicate 
that material, pressure and temperature are all significant factors affecting the die filling 
percentage. Their interactions, excluding the interaction between all three factors, are also 
significant.  
 
 As expected, temperature and pressure have positive effect on filling, i.e. when 
temperature and/or pressure is increased, die filling percentage increases for all materials 
(see Figure 48).   
 
(Note that in the regression analysis, material* is a coded variable; where -1 stands for 
AISI 201, 0 is for AISI 301 and 1 is for AISI 304).  
 
 As indicated in Table 25, all factors (material, pressure and temperature) and many 
of their interactions are significant in die profile filling for profile 2. Temperature and 
pressure have positive coefficients, therefore as temperature and/or pressure is increased, 
the die profile filling (for profile 2) will increase, as expected. Figure 50 shows the 
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interactions between variables. As expected and tabulated in the analysis, as temperature 
and/or pressure increases, the filling increases.  
 
Figure 44: Warm hydroformed samples (non-axisymmetric die, die #2) 
 
(a) 
AISI 201
(b)
AISI 301
(c) 
AISI 304  
 
Figure 45: Designation of the profiles 
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Figure 46: Die filling profiles for non-axisymmetric die (Die #2) 
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Table 22: Die profile filling percentages calculated from ARAMIS for the non-
axisymmetric die, profile #1 (Die #2, Profile #1) 
 
Die Filling Percentage AISI Temperature Pressure (MPa) Exp. 1 Exp. 2 
10 92.95 94.69 100ºC 20 98.02 97.89 
10 93.14 94.37 201 200ºC 20 98.55 98.89 
10 83.45 82.54 100ºC 20 95.32 95.01 
10 91.35 87.48 301 200ºC 20 96.48 96.39 
15 86.56 90.12 100ºC 30 97.09 97.78 
15 90.88 92.13 304 200ºC 30 98.23 98.25 
 
 
Figure 47: Die profile filling percentages calculated from ARAMIS for the non-
axisymmetric die, profile #1 (Die #2, Profile #1) 
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Table 23: Regression analysis for non-axisymmetric die, profile 1, die profile filling rate 
 
Regression Statistics 
RSquare 0.966425 
RSquare Adj 0.935649 
Root Mean Square Error 1.21269 
Mean of Response 93.64833 
Observations (or Sum Wgts) 24 
 
ANOVA     
Source DF 
Sum of 
Squares 
Mean 
Square F Ratio 
Model 11 507.9699 46.17908 31.40117 
Error 12 17.6474 1.470617 Prob > F 
C. Total 23 525.6173 . 3.97E-07 
 
 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 79.52833 1.078999 73.70568 2.59E-17 
Material *[-1] 2.414167 0.350073 6.896173 1.66E-05 
Material *[0] -2.64583 0.350073 -7.55794 6.70E-06 
Temp 0.0206 0.004951 4.160956 0.001321 
Material *[-1]*(Temp-150) -0.0171 0.007001 -2.44234 0.031025 
Material *[0]*(Temp-150) 0.01785 0.007001 2.549465 0.025491 
Pressure 0.735333 0.049508 14.85286 4.35E-09 
Material *[-1]*(Pressure-15) -0.28033 0.070015 -4.00392 0.001749 
Material *[0]*(Pressure-15) 0.224167 0.070015 3.201709 0.007608 
(Temp-150)*(Pressure-15) -0.00223 0.00099 -2.2488 0.044092 
Material *[-1]*(Temp-150)*(Pressure-15) 0.003057 0.0014 2.182876 0.049638 
Material *[0]*(Temp-150)*(Pressure-15) -0.00292 0.0014 -2.08766 0.058819 
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Figure 48: Interaction plots of die filling analysis, non-axisymmetric die 1st profile 
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Table 24: Die profile filling percentages calculated from ARAMIS for the non-
axisymmetric die, profile #2 (Die #2, Profile #2) 
 
Die Filling Percentage AISI Temperature Pressure (MPa) Exp. 1 Exp. 2 
10 80.96 83.06 100ºC 20 89.49 90.57 
10 84.94 85.56 201 200ºC 20 91.23 91.05 
10 75.85 76.51 100ºC 20 88.28 87.97 
10 81.12 81.25 301 200ºC 20 88.59 88.66 
15 83.34 83.24 100ºC 30 89.99 90.01 
15 84.26 84.94 304 200ºC 30 91.46 90.63 
89 
Figure 49: Die profile filling percentages calculated from ARAMIS for the non-
axisymmetric die, profile #2 (Die #2, Profile #2) 
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Table 25: Regression analysis for non-axisymmetric die, profile 2, die profile filling rate 
 
Regression Statistics 
RSquare 0.992064 
RSquare Adj 0.984789 
Root Mean Square Error 0.56673 
Mean of Response 85.95667 
Observations (or Sum Wgts) 24 
 
ANOVA     
Source DF 
Sum of 
Squares 
Mean 
Square F Ratio 
Model 11 481.7991 43.79992 136.3705 
Error 12 3.8542 0.321183 Prob > F 
C. Total 23 485.6533 . 7.65E-11 
 
 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 72.07688 0.540544 133.3414 2.12E-20 
Material *[-1] 2.233125 0.185267 12.05353 4.60E-08 
Material *[0] -0.66125 0.185267 -3.56917 0.003858 
Temp 0.015115 0.002653 5.697482 9.95E-05 
Material *[-1]*(Temp-150) 0.00131 0.003705 0.353468 0.72987 
Material *[0]*(Temp-150) 0.001147 0.003705 0.309613 0.762166 
Pressure 0.701083 0.020885 33.56907 3.10E-13 
Material *[-1]*(Pressure-17.5) -0.00558 0.031169 -0.17913 0.860822 
Material *[0]*(Pressure-17.5) 0.268167 0.031169 8.60375 1.77E-06 
(Temp-150)*(Pressure-17.5) -0.00227 0.000418 -5.4359 0.000151 
Material *[-1]*(Temp-150)*(Pressure-17.5) 0.000141 0.000623 0.225476 0.825403 
Material *[0]*(Temp-150)*(Pressure-17.5) -0.00223 0.000623 -3.58445 0.003751 
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Figure 50: Interaction plots of die filling analysis, non-axisymmetric die 2nd profile 
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Thickness measurements were also performed on all non-axisymmetric parts for 
further validation with FEA. Parts were cut 4-5 mm off the center, parallel to the profile 1.  
Thickness through profile 1 was manually measured using a micrometer with 5 mm 
intervals beginning with the center (Figure 38). Findings are tabulated as thinning 
percentages in Table 26. 
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Table 26: Thinning percentage measurements for profile 1 of non-axisymmetric 
experiments 
Temperature Pressure
(°C) (MPa) r = 0 mm r = 5 mm r = 10 mm r = 15 mm r = 20 mm r = 25 mm r = 30 mm r = 35 mm r = 40 mm r = 45 mm
10 10.36 11.09 10.18 8.36 6.97 7.88 4.48 3.58 3.82 3.21
20 7.39 10.42 13.76 13.45 22.79 20.85 19.09 19.21 18.24 19.15
10 7.94 7.82 5.70 -0.24 1.70 4.18 4.73 4.00 3.70 3.21
15 6.12 8.48 8.42 10.91 11.76 12.48 16.00 18.30 4.30 5.21
10 10.66 10.00 10.13 11.49 11.84 11.89 12.11 12.15 10.66 9.21
20 14.91 17.94 15.57 15.39 16.18 17.06 19.56 18.64 13.90 15.75
10 6.40 9.25 3.20 6.05 8.73 9.65 11.89 4.34 8.07 10.96
15 10.00 13.82 7.85 13.20 12.72 11.75 18.07 15.39 15.31 15.31
15 25.80 25.33 23.10 23.00 22.23 23.73 19.90 22.80 21.80 19.47
20 17.70 17.10 26.50 28.03 29.40 28.10 26.10 25.63 27.30 26.67
15 18.87 17.03 16.87 15.27 18.07 16.83 15.00 14.40 14.40 21.73
20 24.80 22.50 27.07 26.27 27.20 28.43 29.23 29.30 28.70 27.70
100
200
304
100
200
Thinning (%)AISI
201
100
200
301
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Table 27: Regression analysis for non-axisymmetric die, thinning profile (profile 1) 
 
Regression Statistics 
RSquare 0.905465 
RSquare Adj 0.882816 
Root Mean Square Error 2.613807 
Mean of Response 14.87845 
Observations (or Sum Wgts) 120 
 
ANOVA     
Source DF Sum of Squares Mean Square F Ratio 
Model 23 6282.01 273.1308 39.97824 
Error 96 655.8709 6.831989 Prob > F 
C. Total 119 6937.88 . 2.96E-39 
 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 2.512506 1.813374 1.385542 0.169097 
Material *[-1] -3.80455 0.424604 -8.96024 2.55E-14 
Material *[0] -1.21498 0.424604 -2.86145 0.005176 
Temp -0.02598 0.006161 -4.21765 5.59E-05 
Material *[-1]*(Temp-150) 0.010833 0.008492 1.275614 0.20517 
Material *[0]*(Temp-150) 0.021883 0.008492 2.576901 0.011492 
Pressure 1.056145 0.082656 12.77763 1.98E-22 
Material *[-1]*(Pressure-15) 0.008703 0.111917 0.077764 0.938178 
Material *[0]*(Pressure-15) -0.23356 0.111917 -2.08689 0.039548 
(Temp-150)*(Pressure-15) 0.007794 0.001653 4.714542 8.2E-06 
Material *[-1]*(Temp-150)*(Pressure-15) -0.00538 0.002238 -2.40428 0.018123 
Material *[0]*(Temp-150)*(Pressure-15) -0.0023 0.002238 -1.02669 0.307146 
Distance 0.013558 0.021449 0.632115 0.528814 
Material *[-1]*(Distance-22.5) 0.016634 0.029566 0.562629 0.574999 
Material *[0]*(Distance-22.5) 0.056338 0.029566 1.905523 0.059704 
(Temp-150)*(Distance-22.5) 0.000783 0.000429 1.826144 0.070937 
Material *[-1]*(Temp-150)*(Distance-22.5) -0.00071 0.000591 -1.20059 0.232865 
Material *[0]*(Temp-150)*(Distance-22.5) 0.000475 0.000591 0.802828 0.424057 
(Pressure-15)*(Distance-22.5) 0.026494 0.005755 4.603298 1.27E-05 
Material *[-1]*(Pressure-15)*(Distance-22.5) 0.006395 0.007793 0.820623 0.413894 
Material *[0]*(Pressure-15)*(Distance-22.5) -0.01984 0.007793 -2.54598 0.012488 
(Temp-150)*(Pressure-15)*(Distance-22.5) -0.00014 0.000115 -1.22098 0.225084 
Material *[-1]*(Temp-150)*(Pressure-15)*(Distance-22.5) -7.88E-05 0.000156 -0.50567 0.614248 
Material *[0]*(Temp-150)*(Pressure-15)*(Distance-22.5) 0.000263 0.000156 1.686628 0.094922 
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Figure 51: Interaction plots of thinning profile, non-axisymmetric die, profile 1 
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(Note that in the regression analysis, material* is a coded variable; where -1 stands for 
AISI 201, 0 is for AISI 301 and 1 is for AISI 304).  
 
 In terms of thinning, distance is not a significant factor. However, its interaction 
with pressure is significant; therefore it cannot be neglected. For the effect of Material 
(column 1, Figure 51), thinning is the least in 201 and the highest for 304 (coded as 
material 1). Temperature has a negative effect (see column 2); higher temperatures in 
forming process will result with less thinning (better parts). Note that, this trend is not 
observed in temperature-pressure interaction for 20 MPa (column 2, row 3). Pressure 
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(column 3) has positive effect on thinning with no exception indicating that with increasing 
pressure chances of thinning will increase although better die cavity filling will be 
obtained. Effect of distance (column 4) does not show any specific trend. In some 
interactions, it has negative effect; in others it has positive.  
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CHAPTER 5  Finite Element Analyses 
 
 
 For Finite Element Analysis (FEA), commercially available MSC.MARC 2007r1 
software was used. Hydraulic bulge testing and axisymmetric die hydroforming were 
modeled using two-dimensional geometrical models whereas non-axisymmetric die was 
modeled by 3-D geometry model.  
5.1. Hydraulic Bulge Test Simulations 
 
 In order to verify the accuracy of the flow curves and constitutive equations listed 
in Table 16, first, hydraulic bulge test conditions were modeled in FEA. Since the 
geometry is suitable, numerical model is simplified to a 2D axisymmetric model (see 
Figure 52). Pressure data recorded in bulge test experiments were applied to the numerical 
model and dome height was traced with respect to time. As an example, pressure profile 
for one of the cases (AISI 301, room temperature, fast strain rate) was plotted in Figure 53. 
Numerical modeling details were tabulated in Table 28. 
 
Figure 52: FEA model of hydraulic bulge testing (Initial and final time increments) 
Element Type 10
Pressure
Pressure
Time
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Figure 53: Pressure profile for AISI 301, room temperature, and fast strain rate hydraulic 
bulge test 
0
5
10
15
20
25
0 50 100 150
Pr
es
su
re
 (M
Pa
)
Time (sec)
 
 
 Table 28: FEA parameters for bulge testing 
Material 
Properties AISI 201 AISI 301 AISI 304 
Temp. Room 100ºC Room 100ºC Room 100ºC 
k (MPa) 1793 1528 2644 1375 1230 1037 
n 0.523 0.529 0.562 0.421 0.455 0.527 
m 0.0062 0.0173 0.0635 0.0192 0 0.0048 
E (GPa) 197 190.3 197 190.3 197 190.3 ν  0.3 0.3 0.3 0.3 0.3 0.3 
Density 
(g/cc) 7.8 7.8 8.0 8.0 8.0 8.0 
 
Geometry AISI 201 AISI 301 AISI 304 
Thickness 
(mm) 0.55 0.76 1.00 
Elements 
Through 
Thickness 
4 4 4 
Element Size 
(mmXmm) 0.1375x0.1376 0.19x0.19 0.25x0.25 
Mesh Size 
(Element #) 2180 1576 1200 
Element 
Type 
Axisymmetric Solid 
TYPE 10 
Axisymmetric Solid 
TYPE 10 
Axisymmetric Solid 
TYPE 10 
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 In all axisymmetric simulations, the sheet blank was modeled using four (4) solid 
elements through the thickness. This value is determined after a preliminary mesh 
dependence study. First simulation was performed using only two (2) elements through 
thickness, and then increased gradually (3, 4, 5 and 6). The dome height versus time graph 
changed drastically when number of elements through thickness was increased from 2 to 3 
and 3 to 4. However, significant changes were not observed beyond four (4) elements 
through thickness. Since finer mesh increases the CPU time with a magnitude of order, the 
mesh size was limited to four (4) elements through thickness. 
 
Material properties listed in Table 28 were input to model the material behavior in 
MSC.Marc using Elastic-Plastic material model, using “Rate Power Law” method for 
plasticity. After the analyses were completed, dome height (x displacement of node #1) 
was plotted with respect to time. This graph was then compared with the experimental 
time-dome height curves. Results are plotted in Figure 54.  
 
 As seen in Figure 54, the numerical model is quite accurate in terms of predicting 
the dome height profile. Overestimation of the dome height (i.e. FEA predictions are 
always higher than experimental) can be explained by numerical discretization. In physical 
experiments, all alloying elements (atoms) have higher degrees of freedom, however, in 
finite element method, DOF is reduced, which leads to the overestimation the 
displacement, and hence, the other parameters. 
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Figure 54: Dome height versus time measurements (experimental) and predictions (FEA) 
for AISI 201 and 301 steels at different strain rates 
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 Thickness predictions and measurements at dome apex were also compared as in 
Figure 55. Thickness predictions were acceptable up to a certain dome height level (~25 
mm), but then the predictions diverge from the experimental results. For thickness 
reduction, the most important criterion was the blank holding force. Different models of 
blank holding were tried to simulate the effect of blank holding (application of blank 
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holding force through rigid die, application of blank holding pressure and limiting the 
motion of some elements to limit material flow), but none of them worked perfectly due to 
limitations of numerical modeling. Other sources of deviation could be the error in 
thickness measurements, inaccurate material models, limited number of elements across 
the thickness FEA, etc. Figure 55 illustrates the results of the best method: (i.e. constraint 
nodes).  
Figure 55: Thickness prediction comparison 
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5.2. FE Analysis for Warm Hydroforming with Axisymmetric Die  
 
 Finite element model for the axisymmetric die (die #1) is similar to hydraulic bulge 
model, except that instead of free bulging, the sheet blanks was deformed into a closed die 
cavity as depicted in Figure 44. Blank was modeled using axisymmetric solid elements 
(type 10), and the female die was modeled as rigid curves. Pressure profiles were input as a 
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ramp profile based on experimental pressure measurements. Figure 56 shows the initial 
and final geometry of the dies and the blank. Table 29 tabulates other simulation 
parameters. 
 
Figure 56: FEA model of axisymmetric hydroforming 
Element Type 10
Pressure
Pressure
Time
Die
 
 
Table 29: FEA parameters for axisymmetric warm hydroforming 
Material 
Properties AISI 201 AISI 301 AISI 304 
Temp. 100ºC 200ºC 100ºC 200ºC 100ºC 200ºC 
k (MPa) 1528 1415 1375 1153 1037 921 
n 0.529 0.497 0.421 0.380 0.527 0.494 
m 0.0173 0.0384 0.0192 0.0221 0.0048 0.0193 
E (GPa) 190.3 182.7 190.3 182.7 190.3 182.7 ν  0.3 0.3 0.3 0.3 0.3 0.3 
Density 
(g/cc) 7.8 7.8 8.0 8.0 8.0 8.0 
 
Geometry AISI 201 AISI 301 AISI 304 
Thickness 
(mm) 0.55 0.76 1.00 
Elements 
Through 
Thickness 
4 4 4 
Element Size 
(mmXmm) 0.1375x0.1376 0.19x0.19 0.25x0.25 
Mesh Size 
(Element #) 2180 1576 1200 
Element 
Type 
Axisymmetric Solid 
TYPE 10 
Axisymmetric Solid 
TYPE 10 
Axisymmetric Solid 
TYPE 10 
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The final geometry of the part could was obtained at different stages of the FEA. In 
order to compare the FEA predictions with the experimental measurements, die cavity 
filling ratios and thickness profiles were extracted from FEA results using post-processing 
features of the MSC.MARC software. Die filling ratio was assumed to be 0% initially and 
would be 100% if all the uppermost nodes were in contact with the female die. Once the 
profile was determined, numerical integration (trapezoid rule) was used. Results are plotted 
in Figure 58 in comparison with experimental findings from Chapter 4. All FEA results 
had the same trend with experimental profiles as can be seen in Figure 57 for SS201 at 
different pressure and temperature conditions (profile comparisons for other grades can be 
found in Appendix B).  All FEA predictions for die filling ratio were within  error. 
Average error was found to be 4.11%. The best prediction was for AISI 201 steel at 200ºC 
temperature, which has error less than 0.2%.  As a result, it can be concluded that flow 
curves and constitutive material models are reasonably accurate. 
%5.7±
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Figure 57: Work piece profile of FEA predictions compared with experimental results for 
AISI 201 at different conditions (see Appendix B for others) 
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 As discussed in the Chapter 4, the second parameter to validate the accuracy of 
flow curve model and finite element model was the thickness comparison. In MSC.Marc 
software, it is possible to obtain the thickness as a function of location. Thickness 
comparisons for SS 201 at different pressure and temperature conditions are depicted in 
Figure 59.  Thickness comparisons for SS 301 and 304 at all conditions are presented in 
Appendix C. Table 30 summarizes the average, minimum, and maximum errors in 
prediction of thickness in axisymmetric die warm hydroforming for all grades and 
conditions. 
 
104 
Note that, thinning was better predicted for AISI 201 and 301 steels, especially at 
lower forming pressures. For 201 and 301, average error is less than 6%. However, for 
SS304, the deviation of prediction was around 14% average error.  
 
Similar to numerical (FE) model of bulge test as shown in section 5.1, thickness 
prediction had some problems. This may be caused by: 
• Limitations in numerical model: four elements through thickness were used. 
Degree of freedom in thickness direction is very limited and the error between the 
prediction and actual are in the order of tens of microns. 
• Modeling of blank holding force: blank holding had affect on thinning profile, 
since it affected the material flow. 
• Manual measurements of thickness may contain error. Sharp tip micrometer was 
used for these measurements. The tip of the micrometer could penetrate the base 
metal (measurement would be less than actual). Micrometer tips might have not be 
perpendicular to the base metal (measurement would be more than actual). This 
sources error was more pronounced near curvatures. To reduce this, measurements 
were repeated by two operators (error bars include two operators in Figure 59).  
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Figure 58: Die filling percentages calculated 
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Figure 59: Comparison of predicted and measured thickness values for AISI 201 at 
different pressure and temperature conditions  
(Comparisons for other grades are presented in Appendix C) 
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Table 30: Average, minimum and maximum errors in prediction of sheet thickness for 
axisymmetric die (die #1) 
Material Temperature Pressure Average  Maximum Minimum 
(AISI) (ºC) (MPa) Error (%) Error (%) Error (%) 
10 2.07 7.07 0.03 100 
20 3.41 11.38 0.13 
10 3.25 6.48 0.90 
201 
200 
15 5.86 11.84 2.12 
10 3.06 6.00 0.47 100 
20 5.67 10.69 0.83 
10 2.81 6.72 0.44 
301 
200 
15 5.23 16.44 0.38 
15 14.40 22.90 1.06 100 
20 16.14 24.97 0.26 
15 17.51 25.57 1.77 
304 
200 
20 15.19 24.18 2.17 
 
Figure 60: Average, minimum and maximum errors in prediction of sheet thickness for 
axisymmetric die (die #1) 
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5.3. Non-Axisymmetric Die Hydroforming Simulations 
 
In order to model the non-axisymmetric die geometry accurately, 3D modeling 
approach was used.  Since, the geometry of the non-axisymmetric die was symmetric on 
one axis; only half modeling was adequate to reduce the size of the model and increase the 
simulation speed. The die was modeled using 3-D rigid surfaces, where as the blank was 
modeled using thin shell elements, type 139 (Figure 61).  
 
 Similar to axisymmetric warm hydroforming case, for comparison, deformed blank 
profiles and cavity filling ratios as described in  
 were extracted from the 3D FEA results. Findings are tabulated in Table 32 and Table 33 
along two different die profile contours. Figure 63 and Figure 65 plot the comparison of 
the 3D FEA predictions with the surface measurements (using ARAMIS) from the 
experimental specimens.  
 
Figure 61: 3-D half model for non-axisymmetric warm hydroforming  
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 Non-axisymmetric warm hydroforming analysis (FEA) was very successful in 
terms of predicting the die profile fillings. For the Profile #1, the average error was found 
to be 3.37% and maximum error was observed to be 6.17% in AISI 301 at 200ºC, 10 MPa. 
Better predictions were observed with the Profile #2.  Average error was found to be 
1.56%; and the maximum error (3.04%) was observed in AISI 201 at 100ºC, 10 MPa. 
 
 Thickness distribution was also extracted from 3D FEA results along the same two 
contour profiles (#1 and 2) for comparison with the experimental measurements. Sample 
thickness distribution comparisons are plotted in Figure 66 for SS 201 for all pressure and 
temperature conditions (Thickness comparison graphs for other grades and conditions are 
presented in Appendix C).  Average, minimum and maximum errors in thickness 
predictions are summarized in Table 34 for all grades and conditions.  
  
Similar to hydraulic bulge test and axisymmetric hydroforming simulations, the 
prediction of cavity filling profile is successful in non-axisymmetric warm hydroforming 
simulations. However, the thickness predictions are within %8±  margin for AISI 201 and 
301. For AISI 304, thickness predictions have an error margin of %22± . Major reasons for 
such deviation could be due to several assumptions made to simplify the 3D FE modeling 
such as (a) isothermal conditions whereas in reality there may be heat transfer and 
temperature fluctuations in the dies and blank, (b) a constant friction coefficient of 0.05 
was assumed whereas in reality friction changes by location and time, (c) blank holding 
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was simplified by constraining the end nodes of the blank whereas in experiments blank 
may have moved, although slightly. 
 
Table 31: FEA parameters for 3D non-axisymmetric warm hydroforming 
 
Material 
Properties AISI 201 AISI 301 AISI 304 
Temp. 100ºC 200ºC 100ºC 200ºC 100ºC 200ºC 
k (MPa) 1528 1415 1375 1153 1037 921 
n 0.529 0.497 0.421 0.380 0.527 0.494 
m 0.0173 0.0384 0.0192 0.0221 0.0048 0.0193 
E (GPa) 190.3 182.7 190.3 182.7 190.3 182.7 ν  0.3 0.3 0.3 0.3 0.3 0.3 
Density 
(g/cc) 7.8 7.8 8.0 8.0 8.0 8.0 
 
Geometry AISI 201 AISI 301 AISI 304 
Thickness 
(mm) 0.55 0.76 1.00 
Element Size 
(mmXmm) 2.5x2.5 
Mesh Size 
(Element #) 1500 
Element 
Type 
Solid - Thin Shell  
TYPE 139  
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Figure 62: Work piece profile of FEA predictions compared with experimental results for 
AISI 201 at different conditions of profile 1 (see Appendix B for others) 
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Table 32: Die profile filling percentages for non-axisymmetric die geometry, profile # 1 
 
Die Filling Percentage AISI Temperature Pressure (MPa) FEA Exp. 1 Exp. 2 
10 89.95 92.95 94.69 100ºC 20 94.54 98.02 97.89 
10 91.16 93.14 94.37 201 200ºC 20 95.26 98.55 98.89 
10 80.02 83.45 82.54 100ºC 20 91.88 95.32 95.01 
10 83.90 91.35 87.48  301 200ºC 20 92.14 96.48 96.39 
15 90.69 86.56 90.12 100ºC 30 94.85 97.09 97.78 
15 91.34 90.88 92.13 304 200ºC 30 94.94 98.23 98.25 
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Figure 63: Die profile fillings calculated, non-axisymmetric die, profile 1 
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Figure 64: Work piece profile of FEA predictions compared with experimental results for 
AISI 201 at different conditions of profile 2 (see Appendix B for others) 
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Table 33: Die profile filling percentages for non-axisymmetric die geometry, profile 2 
 
Die Filling Percentage AISI Temperature Pressure (MPa) FEA Exp. 1 Exp. 2 
10 84.50 80.96 83.06 100ºC 20 89.27 89.49 90.57 
10 85.72 84.94 85.56 201 200ºC 20 90.24 91.23 91.05 
10 76.57 75.85 76.51 100ºC 20 86.20 88.28 87.97 
10 79.50 81.12 81.25 301 200ºC 15 86.39 88.59 88.66 
15 85.34 83.34 83.24 100ºC 30 89.43 89.99 90.01 
15 85.91 84.26 84.94 304 200ºC 30 89.77 91.46 90.63 
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Figure 65: Die profile fillings calculated, non-axisymmetric die, profile 2 
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Figure 66: Comparison of predicted and measured thickness distribution along Profile 1 for 
AISI 201 at all pressure and temperature conditions (additional graphs are presented in 
Appendix C for other grades and conditions) 
 
a) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 10 20 30 40
Th
ick
ne
ss
 (m
m
)
Distance from center (mm)
AISI 201, 100°C, 10 MPa
50
FEA
Experiments
 
b) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 10 20 30 40
Th
ick
ne
ss
 (m
m
)
Distance from center (mm)
AISI 201, 100°C, 20 MPa
50
FEA
Experiments
 
    
c) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 10 20 30 40
Th
ick
ne
ss
 (m
m
)
Distance from center (mm)
AISI 201, 200°C, 10 MPa
50
FEA
Experiments
 
d) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 10 20 30 40
Th
ick
ne
ss
 (m
m
)
Distance from center (mm)
AISI 201, 200°C, 20 MPa
50
FEA
Experiments
 
 
Table 34: Average, minimum and maximum errors in prediction of sheet thickness for 
non-axisymmetric die (die #2) 
Material Temperature Pressure Average  Maximum Minimum 
(AISI) (ºC) (MPa) Error (%) Error (%) Error (%) 
10        4.30            7.87           0.43   100 
20        5.12         11.99           0.01   
10        8.09         13.66           3.63   
201 
200 
20        5.90         10.50           1.14   
10        2.27            4.43           0.16   100 
20        2.83            9.23           0.02   
10        4.41            9.34           0.29   
301 
200 
20        4.30            8.16           0.12   
15      13.92         18.21           8.30   100 
30      13.55         22.27           3.57   
15        4.62         18.51           0.27   
304 
200 
30      14.21         22.66           8.99   
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Figure 67: Average, minimum and maximum errors in prediction of sheet thickness for 
non-axisymmetric die (die #2) 
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CHAPTER 6 Conclusions and Future Work 
 
 
 In this study, first, different methods and approaches to analyze hydraulic bulge test 
were investigated to find the most accurate combination of methods to determine the bulge 
radii and thickness, and hence, the flow stress curves. Hydraulic bulge test was then used 
to determine their behavior of three different grades of stainless steels at different 
temperatures and strain rates. These flow curves were then fitted into constitutive models 
and integrated to commercially available FEA software MSC.MARC 2007r1 to validate 
and predict the limits for warm hydroforming of stainless steels. Finally, warm 
hydroforming experiments were performed to compare the predictions of FEA and ensure 
the validity of the numerical modeling.  
 
 In summary, the followings can be concluded as a result of this study: 
 
1) Hydraulic bulge test requires proper data acquisition to continuously and accurately 
measure the pressure and dome height. These parameters are necessary and 
sufficient to determine the flow stress curves. Panknin’s bulge radius and 
Kruglov’s thickness calculation approaches are found to be the closest, hence 
accurate, to the experimental measurements. 
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2) Spherical assumption in hydraulic bulge testing is proven statistically for AISI 201 
and Al5754 materials at room and at elevated temperatures.  
3) Use of optical systems may not be accurate, especially at high temperatures; due to 
vapor and/or smoke. 
4) Flow curves gathered from hydraulic bulge test fits “Field and Backofen” material 
model very well. All statistical values (significance, R2, p-values and normal 
probability) are in acceptable ranges. 
5) Regression analyses were held to determine the significant factors affecting bulge 
radius in hydraulic bulge test and die profile filling and thinning for warm 
hydroforming. In bulge test, only dome height was found to be significant. In warm 
hydroforming of stainless steels, the most important factor for final part geometry 
is found to be pressure and material. Effect of temperature is variable; in some 
cases high temperature results with better die filling. However, there are some cases 
in which, increasing temperature decreases the cavity filling.  
6) Within the alloys investigated, AISI 304 has the least flow strength, and it does not 
require additional stress relieving heat treatments for Stress-Corrosion Cracking 
resistance.  
7) Strain rate sensitivity of AISI 301 was found to be quite significant at even room 
temperature conditions (as numerous other papers also indicated). This material is 
suggested for vehicle applications, since high strain rate sensitivity will increase the 
crashworthiness. However, maximum elongation in AISI 301 was the lowest in this 
study. 
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8) In terms of die filling; pressure and material are found as the most significant two 
parameters. With an increasing pressure, die cavity filling gets better. On the other 
hand, temperature is not significant, within the range of 100ºC – 200ºC. In terms of 
part thinning, temperature and pressure have significant effect; less thinning is 
observed at lower pressure and higher temperature.  
9) Finite element analysis can be used to predict the final shape and thinning of the 
part using Fields and Backofen material model. The coefficients can be determined 
by hydraulic bulge test. 
10) Similar die cavity filling and thinning trends were observed in simulations as in the 
experiments. 
 
In order to increase the accuracy in die filling profile and thickness predictions, 
following research should be conducted: 
 
1) Effect of thickness on hydraulic bulge test should be investigated. In this study, 
the thickest material was AISI 304. The highest error in prediction of thickness 
reduction was observed in this material. Thickness may have affected this result 
(Note that, AISI 304 was 1 mm thick and this makes , which was 
the recommended limit). 
100/0 =crt
2) The strain rate sensitivity (m-value) was found to be very high for AISI 301 
even at room temperature conditions. Further investigation should be done 
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(carrying on more experiments with higher strain rates, which was not possible 
with the current bulge test setup) to check the validity. 
3) Blank holding, contact mechanics and friction models should be revised in 
order to predict thickness reduction more effectively. Non-isothermal 
simulations or finer mesh size may have better thickness predictions.  
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APPENDIX A 
Regression Analyses for determining flow curve constants (k, n and m) 
Case 1: AISI 201 @ Room Temperature 
Regression Statistics 
Multiple R 0.992099 
R Square 0.984261 
Adjusted R 
Square 0.984176 
Standard Error 0.060768 
Observations 376 
 
ANOVA      
  df SS MS F Significance F 
Regression 2 86.13723 43.06861 11662.9047 0 
Residual 373 1.377409 0.003693   
Total 375 87.51464       
 
  Coefficients 
Standard 
Error t Stat P-value Lower 95% 
Upper 
95% 
k 1793.376 30.696 441.437 0.000 1734.515 1854.234
n 0.523 0.003 151.631 0.000 0.516 0.530
m 0.006 0.003 2.369 0.018 0.001 0.011
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Case 2: AISI 201 @ 100ºC 
Regression Statistics 
Multiple R 0.99319 
R Square 0.986427 
Adjusted R 
Square 0.986361 
Standard Error 0.055734 
Observations 412 
 
ANOVA      
  df SS MS F Significance F
Regression 2 92.3329 46.16645 14862.55 0
Residual 409 1.270446 0.003106   
Total 411 93.60335       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1527.801 25.05552 450.7113 0 1479.72 1577.445 
n 0.529343 0.003085 171.6002 0 0.523279 0.535407 
m 0.017303 0.002645 6.542888 1.81E-10 0.012105 0.022502 
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Case 3: AISI 201 @ 150ºC 
Regression Statistics 
Multiple R 0.990584 
R Square 0.981256 
Adjusted R 
Square 0.981167 
Standard Error 0.070127 
Observations 422 
 
ANOVA      
  df SS MS F Significance F
Regression 2 107.8737 53.93683 10967.59 0
Residual 419 2.060574 0.004918   
Total 421 109.9342       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1825.29 33.91368 407.9166 0 1760.421 1892.55 
n 0.531552 0.003629 146.4888 0 0.524419 0.538684 
m 0.064137 0.002939 21.82268 4.47E-71 0.05836 0.069914 
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Case 4: AISI 201 @ 200ºC: 
Regression Statistics 
Multiple R 0.996237 
R Square 0.992488 
Adjusted R 
Square 0.992453 
Standard Error 0.040992 
Observations 422 
 
ANOVA      
  df SS MS F Significance F
Regression 2 93.02688 46.51344 27680.67 0
Residual 419 0.70407 0.00168   
Total 421 93.73095       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1414.857 15.97138 646.3005 0 1383.981 1446.422 
n 0.497076 0.002121 234.3512 0 0.492906 0.501245 
m 0.038405 0.001829 20.99614 2.13E-67 0.03481 0.042 
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Case 5: AISI 301 @ Room Temperature 
Regression Statistics 
Multiple R 0.972584 
R Square 0.945919 
Adjusted R 
Square 0.945622 
Standard Error 0.122847 
Observations 368 
 
ANOVA      
  df SS MS F Significance F
Regression 2 96.34478 48.17239 3192.053 6E-232
Residual 365 5.508342 0.015091   
Total 367 101.8531       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 2644.494 101.0771 210.0872 0 2456.453 2846.931 
n 0.561784 0.007107 79.04248 1.1E-231 0.547808 0.575761 
m 0.063503 0.005709 11.12343 6.01E-25 0.052277 0.07473 
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Case 6: AISI 301 @ 100ºC 
Regression Statistics 
Multiple R 0.993433 
R Square 0.98691 
Adjusted R 
Square 0.986845 
Standard Error 0.045334 
Observations 408 
 
ANOVA      
  df SS MS F Significance F
Regression 2 62.75296 31.37648 15267.27 0
Residual 405 0.832335 0.002055   
Total 407 63.58529       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1375.046 17.55501 569.6214 0 1341.178 1409.769 
n 0.420832 0.00241 174.626 0 0.416095 0.42557 
m 0.019217 0.002 9.606831 8.04E-20 0.015285 0.023149 
 
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60 70 80 90 100
ln
(S
tr
es
s)
Sample Percentile
Normal Probability Plot
Normal Probability
Linear Fit
 
132 
Case 7: AISI 301 @ 150ºC 
Regression Statistics 
Multiple R 0.996713 
R Square 0.993437 
Adjusted R 
Square 0.993403 
Standard Error 0.028274 
Observations 389 
 
ANOVA      
  df SS MS F Significance F
Regression 2 46.70784 23.35392 29214.23 0
Residual 386 0.308569 0.000799   
Total 388 47.0164       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1271.174 9.593581 950.6573 0 1252.521 1290.105 
n 0.374903 0.001562 239.9737 0 0.371832 0.377975 
m 0.024707 0.001217 20.30546 6.96E-63 0.022315 0.0271 
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Case 8: AISI 301 @ 200ºC 
Regression Statistics 
Multiple R 0.996257 
R Square 0.992528 
Adjusted R 
Square 0.992488 
Standard Error 0.030156 
Observations 371 
 
ANOVA      
  df SS MS F Significance F
Regression 2 44.45501 22.22751 24442.63 0
Residual 368 0.33465 0.000909   
Total 370 44.78966       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1152.678 9.912653 823.3 0 1133.431 1172.251 
n 0.38003 0.001733 219.3497 0 0.376624 0.383437 
m 0.022076 0.001354 16.309 2.18E-45 0.019414 0.024738 
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Case 9-a: AISI 304 @ Room Temperature 
Regression Statistics 
Multiple R 0.981717 
R Square 0.963769 
Adjusted R 
Square 0.963573 
Standard Error 0.080136 
Observations 372 
 
ANOVA      
Significance 
F   df SS MS F 
Regression 2 63.03428 31.51714 4907.847 1.4E-266
Residual 369 2.369639 0.006422   
Total 371 65.40391       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 1216.123 33.07581 264.7126 0 1153.614 1282.018 
n 0.455217 0.004595 99.07325 6E-268 0.446182 0.464252 
m -0.0018 0.004189 -0.43014 0.667347 -0.01004 0.006435 
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Case 9-b: AISI 304 @ Room Temperature, without strain rate sensitivity 
Regression Statistics 
Multiple R 0.981708 
R Square 0.963751 
Adjusted R 
Square 0.963653 
Standard Error 0.080048 
Observations 372 
 
ANOVA      
  df SS MS F Significance F
Regression 1 63.03309 63.03309 9837.177 1.2E-268
Residual 370 2.370827 0.006408   
Total 371 65.40391       
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Case 10: AISI 304 @ 100ºC 
Regression Statistics 
Multiple R 0.991391 
R Square 0.982856 
Adjusted R 
Square 0.982772 
Standard Error 0.065193 
Observations 409 
 
ANOVA      
Significance 
F   df SS MS F 
Regression 2 98.92651 49.46326 11638.16 0
Residual 406 1.725538 0.00425   
Total 408 100.6521       
 
  Coefficients 
Standard 
Error t Stat P-value 
Lower 
95% 
Upper 
95% 
Intercept 1037.248 15.55098 466.6493 0 1007.344 1068.04 
Strain 0.527473 0.003459 152.5018 0 0.520673 0.534272 
SR 0.004832 0.002356 2.051392 0.04087 0.000202 0.009463 
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Case 11: AISI 304 @ 150ºC 
Regression Statistics 
Multiple R 0.993713 
R Square 0.987465 
Adjusted R 
Square 0.987404 
Standard Error 0.054928 
Observations 408 
 
ANOVA      
Significance 
F   df SS MS F 
Regression 2 96.26124 48.13062 15952.85 0
Residual 405 1.221907 0.003017   
Total 407 97.48315       
 
  Coefficients 
Standard 
Error t Stat P-value 
Lower 
95% 
Upper 
95% 
k 1083.907 16.97613 449.682 0 1051.294 1117.532 
n 0.521283 0.00292 178.5445 0 0.515543 0.527022 
m 0.03173 0.002439 13.01114 1.4E-32 0.026936 0.036524 
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Case 12: AISI 304 @ 200ºC 
Regression Statistics 
Multiple R 0.997532 
R Square 0.99507 
Adjusted R 
Square 0.995046 
Standard Error 0.032662 
Observations 405 
 
ANOVA      
  df SS MS F Significance F
Regression 2 86.5658 43.2829 40573.32 0
Residual 402 0.428847 0.001067   
Total 404 86.99465       
 
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
k 920.902 6.569125 960.2303 0 908.1232 933.8606 
n 0.494291 0.001746 283.0689 0 0.490858 0.497723 
m 0.019329 0.001149 16.82387 1.82E-48 0.017071 0.021588 
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APPENDIX B 
Die filling profiles: experimental and FEA results 
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AISI 304 
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 Non-axisymmetric Die:                         AISI 301 
 
Profile 1 
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AISI 304 
 
Profile 1 
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0
2
4
6
8
10
12
14
16
18
0 10 20 30 40 50 60
Pr
of
ile
 H
ei
gh
t (
m
m
)
Distance from center (mm)
AISI 304, 100°C, 15 MPa 
Die
Exp 1
Exp 2
FEA
 
0
2
4
6
8
10
12
14
16
18
0 10 20 30 40 50 60
Pr
of
ile
 H
ei
gh
t (
m
m
)
Distance from center (mm)
AISI 304, 100°C, 30 MPa 
Die
Exp 1
Exp 2
FEA
 
0
2
4
6
8
10
12
14
16
18
0 10 20 30 40 50 60
Pr
of
ile
 H
ei
gh
t (
m
m
)
Distance from center (mm)
AISI 304, 200°C, 15 MPa 
Die
Exp 1
Exp 2
FEA
 
0
2
4
6
8
10
12
14
16
18
0 10 20 30 40 50 60
Pr
of
ile
 H
ei
gh
t (
m
m
)
Distance from center (mm)
AISI 304, 200°C, 30 MPa 
Die
Exp 1
Exp 2
FEA
 
 
 
143 
APPENDIX C 
Thinning profiles: experimental and FEA results 
AISI 301 – Axisymmetric die 
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AISI 301 – Non-Axisymmetric die (Profile 1) 
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AISI 304 – Axisymmetric die 
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AISI 304 – Non-Axisymmetric die (Profile 1) 
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